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FOREWORD 
This  is the  f i n a l  r epor t  of t h e  I n j e c t o r  O r i f i c e  Study (10s) sponsored 
by the Nat ional  Aeronautics and Space Administration, Manned Spacecraf t  Center. 
It i s  submitted i n  accordance wi th  Article I1 and i n  f u l f i l l m e n t  of Contract  
NAS 9-6925. 
The program w a s  conducted t o  i n v e s t i g a t e  i n j e c t o r  o r i f i c e  flow 
c h a r a c t e r i s t i c s  and culminated i n  the  design,  f a b r i c a t i o n ,  and test  of a 
hydrau l i ca l ly  optimized i n j e c t o r  f o r  t he  engine of t he  Apollo Service Propul- 
s ion  System (SPS). 
The s tudy w a s  conducted i n  the  Apollo and Engineering Departments under 
the  d i r e c t i o n  of C. E.  Teague, Program Manager, Apollo Applicat ions Department. 
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I. INTRODUCTION 
The I n j e c t o r  O r i f i c e  Study (10s) w a s  a program of i n v e s t i g a t i o n  i n t o  
the  c h a r a c t e r i s t i c s  of i n j e c t o r  o r i f i c e  flow culminating i n  the  design, 
f a b r i c a t i o n  and test of an i n j e c t o r  w i th  optimized hydrau l i c ,  performance, 
and compa t ib i l i t y  c h a r a c t e r i s t i c s  fo r  the Apollo Se rv ice  Propuls ion Sys tern 
engine. Phase I of t h e  two phase e f f o r t  w a s  conducted t o  determine t h e  
i n j e c t o r  design by means of a review of previous a p p l i c a b l e  work on short- tube 
flow, cold-f low t e s t i n g  of s e l e c t e d  types of o r i f i c e s ,  and e s t a b l i s h i n g  i n j e c t o r  
design c r i t e r i a .  The r e s u l t s  of t h i s  work w e r e  presented i n  Report 6925, 
Phase I, i n  condensed form w i t h  the  s p e c i f i c  i n t e n t  of avoiding d u p l i c a t i o n  
of s t u d i e s  and d a t a  presented i n  t h e  f i v e  d e t a i l e d  monthly r e p o r t s  i s s u e d  
previously.  
The Phase I1 e f f o r t  cons i s t ed  of f a b r i c a t i o n  and test  of t h e  optimized 
SPS i n j e c t o r  following NASA/MSC approval of t h e  Phase I r e s u l t s .  
of t he  phase w a s  performed concurrent ly  with Phase I t o  procure long lead- 
time items such as two combustion chambers and i n j e c t o r  fo rg ings  and b a f f l e s .  
Since t h e r e  is no c o n t r a c t u a l  requirement f o r  a s e p a r a t e  Phase I1 report--a 
s p e c i a l  r e p o r t  having been s p e c i f i e d  by NASA i n  i ts  place--all  r e s u l t s  f o r  
t h i s  phase are reviewed herein.  
A p o r t i o n  
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11. SUMMARY 
The I n j e c t o r  O r i f i c e  Study and Design (10s) Program w a s  conducted a t  
the  AGC Sacramento F a c i l i t y  i n  accordance w i t h  Contract  NAS 9-6925. 
period of performance w a s  1 A p r i l  1967 through 31 J u l y  1968. 
The 
The primary program o b j e c t i v e  w a s  t h e  design, f a b r i c a t i o n  and test of 
To achieve t h i s  o b j e c t i v e  i t  w a s  necessary t o  o b t a i n  an optimized i n j e c t o r .  
a b e t t e r  understanding of t h e  hydrau l i c s  of short- tube flow. Consequently, 
an extensive program of s i n g l e  element o r i f i c e  tests, supported by appropr i a t e  
a n a l y t i c a l  e f f o r t ,  w a s  conducted t o  o b t a i n  t h i s  understanding p r i o r  t o  com- 
m i t t i n g  t h e  i n j e c t o r  t o  f a b r i c a t i o n .  
The i n j e c t o r  design p l u s  the  va r ious  t e c h n i c a l  r e p o r t s  including monthly, 
phase, summary and s p e c i a l  w e r e  t h e  c o n t r a c t  end i t e m s .  Fab r i ca t ion  under t h e  
c o n t r a c t  w a s  confined s o l e l y  t o  hardware r equ i r ed  t o  support  t h e  test program. 
These included a s i n g l e  o r i f i c e  element test s e t u p  and i ts  as soc ia t ed  test 
p l a t e s  , one 10s i n j e c t o r ,  and two a b l a t i v e  combustion chambers. Other hardware 
r equ i r ed  t o  support  t h e  h o t  f i r i n g  test program w a s  made a v a i l a b l e  a t  no c o s t  
t o  t h e  program. 
Although t h e  n a t u r e  of program ob jec t ives  and t h e  absence of ex tens ive  
hardware d e l i v e r y  requirements pu t  t h e  program i n  t h e  development r a t h e r  than 
production category,  t h e  level of documentation-quality assurance w a s  more 
formal than t h a t  u sua l ly  a s soc ia t ed  with such programs. The c o n t r a c t u a l  
i n s p e c t i o n  provis ions w e r e  a modified form of NASA Qual i ty  Pub l i cd t ion  200-3, 
however, t h e  degree of q u a l i t y  assurance and t h e  format of processing design 
d i s c l o s u r e s ,  i . e . ,  engineering drawings and s p e c i f i c a t i o n s ,  c l o s e l y  p a r a l l e l e d  
those procedures employed by t h e  SPS Program. Consequently, t h e  10s design 
could be incorporated i n t o  a production program meeting a l l  t h e  requirements 
of NASA Qual i ty  P u b l i c a t i o n  NPC-200-2 w i t h  a minimum of a d d i t i o n a l  e f f o r t .  
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11, Summary (cont.)  
Adminis t ra t ively t h e  program w a s  divided i n t o  two phases;  Phase I 
cons i s t ing  of t h e  i n v e s t i g a t i o n  of t h e  hydrau l i c s  of short- tube flow and 
i n j e c t o r  design,  and Phase I1 c o n s i s t i n g  of t h e  f a b r i c a t i o n  and test of t h e  
f l ight-weight  i n j e c t o r  designed i n  Phase I. 
sioned t h e  completion of Phase I r e l a t i v e l y  e a r l y  i n  t h e  program at  t h e  end 
of t he  f o u r t h  program month. Actual experience demonstrated t h a t  t h e s e  plans 
w e r e  overly o p t i m i s t i c  i n  t h a t  t h e  f i n a l  design drawings were n o t  r e l eased  
u n t i l  t h e  endof t h e  n i n t h  program month. 
on t h e  t o t a l  program schedule  although several adjustments were r equ i r ed  t o  
i n t e r n a l  m i l e s  tones.  
The o r i g i n a l  program p lan  envi- 
This delay d i d  no t  e x e r t  any in f luence  
The major t e c h n i c a l  accomplishments of t h e  two phases are: 
Phase I - Pub l i ca t ion  of a comprehensive l i t e r a t u r e  survey on t h e  
s u b j e c t  of o r i f i c e  flow l i s t i n g  more than 300 sources  of information. 
An i n j e c t o r  o r i f i c e  test program encompassing approximately 130 
i n d i v i d u a l  tests over a range of operat ing parameters and p rope l l an t s .  
Analysis of t he  element tests r e s u l t i n g  i n  t h e  d e r i v a t i o n  of quan t i t a -  
t ive  expressions f o r  t h e  va lue  of discharge c o e f f i c i e n t  (C ) f o r  both contoured 
and sharp-edged o r i f i c e s  over a range of operat ing parameters. Also a n  
expression t o  p r e d i c t  t h e  p re s su re  d i f f e r e n t i a l  a t  which hydrau l i c  f l i p  w i l l  
occur. 
d 
A comparative a n a l y s i s  with p i c t o r i a l  documentation of o r i f i c e  en t r ance  
condi t ions and s u r f a c e  f i n i s h  obtained by va r ious  f a b r i c a t i o n  techniques.  
A comparison of t h e  r e s u l t s  of cu r ren t  i n j e c t o r  o r i f i c e  in spec t ion  
techniques wi th  those obtained by more s o p h i s t i c a t e d  methods. 
The design of an optimized i n j e c t o r  involving 30 engineering drawings 
and r e l a t e d  performance, s t a b i l i t y ,  and compa t ib i l i t y  a n a l y s i s .  
P u b l i c a t i o n  of appropr i a t e  i n spec t ion ,  f a b r i c a t i o n  and tes t  plans.  
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11, Summary (cont . )  
Phase I1 - The f a b r i c a t i o n  of one i n j e c t o r  and two a b l a t i v e  combustion 
chambers. 
A series of h o t  f i r i n g  tests a t  sea level with both a b l a t i v e  and steel 
combustion chambers including 15 starts. 
The f i n a l  r e s u l t  of t h e  10s program is  t h a t  t h e  improved performance 
(Is of 319+2 - sec as compared t o  313.5 of t h e  e x i s t i n g  SPS i n j e c t o r )  and t h e  
f avorab le  compa t ib i l i t y  i n d i c a t i o n s  demonstrated by t h e  10s i n j e c t o r  shows 
the  v a l i d i t y  of t h e  performance p r e d i c t i o n  techniques and t h e  d e s i r a b i l i t y  
of using t h e  h y d r a u l i c a l l y  s t a b l e  contoured o r i f i c e s  t o  a s s u r e  t h a t  uniform 
p r e d i c t a b l e  flow condi t ions are obtained. 
i n d i c a t e  t h a t  a d d i t i o n a l  e f f o r t  i n  t h i s  area is required.  
Marginal s t a b i l i t y  c h a r a c t e r i s t i c s  
It is recommended t h a t  t h e  10s program be continued and t h a t  a s u f f i c i e n t  
number of i n j e c t o r s  be  f a b r i c a t e d  t o  accomplish t h e  following: 
*Dynamic combus t i o n  s t a b i l i t y  . 
D e f i n i t i o n  of a n  i n j e c t o r - t o - i n j e c t o r  3 sigma performance v a r i a t i o n  
as w e l l  as run-to-run v a r i a t i o n .  
Performance v e r i f i c a t i o n  under condi t ions of simulated a l t i t u d e .  
I n  a d d i t i o n  i t  is recommended t h a t  s t u d i e s  of t h e  hydrau l i c s  of short-  
tube flow b e  continued with emphasis being placed upon asymmetric flow of 
sharp-edged o r i f  ices. 
* The at ta inment  of dynamic combustion s t a b i l i t y  with t h e  10s i n j e c t o r  
is one of t h e  major goals  of Contract NAS 9-8285 which w a s  awarded t o  
Aerojet-General by t h e  NASA a t  t h e  completion of t h e  10s Contract.  
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111. TECHNICAL DISCUSSION 
A. PHASE I - ENGINEERING 
1. L i t e r a t u r e  Survey 
A l i t e r a t u r e  survey of work done i n  t h e  p a s t  w a s  completed 
and a bibl iography l i s t i n g  more than 300 sources  of information w a s  published 
(see Appendix A). 
pe r t inen t  t o  t h e  present  con t r ac t ,  combinations of channel e f f e c t ,  cross-flow 
o r i f i c e  conf igura t ion  and entrance condi t ion  d e f i n i t i o n  w e r e  lacking.  Most 
of t h e  work t r e a t e d  flow where t h e  d ischarge  o r i f i c e  o r  p ipe  axis coincided 
with t h a t  of t h e  source r e s e r v o i r  o r  pipe.  Mathematical d e f i n i t i o n  of t h e  
complex flow phenomena w a s  found t o  be v i r t u a l l y  impossible.  The hydraul ic  
f l i p  phenomenon, a l though evident  i n  seve ra l  papers,  has  received almost no 
a n a l y t i c a l  a t t e n t i o n .  
Although a number of t h e  re ferences  contained information 
Several  papers w e r e  of p a r t i c u l a r  i n t e r e s t  t o  t h e  10s program 
e i t h e r  because of t h e  s i m i l a r i t y  of t h e  test  program o r  because of t h e  a n a l y t i -  
cal approach. These were: 
a. "Flow S t a b i l i t y  i n  S m a l l  Or i f i ce s , "  by R.  P. Northrup, 
American Rocket Society,  30 November 1951 (Reference 1 ) .  
This  paper p re sen t s  d a t a  f o r  t h e  flow of l i q u i d s  
through s m a l l  o r i f i c e s  (D = 0.031 t o  0.05 and L/D = 0.5 t o  4.0) .  
a b l e s  i n  t h e s e  tests w e r e :  p re s su re  drop, c r o s s  v e l o c i t y ,  o r i f i c e  configura- 
t i o n ,  test f l u i d ,  and t h e  atmosphere t o  which t h e  f l u i d  discharged.  These 




111, A, Phase I - Engineering (cont.)  
b. 
Engines," by R. King and R e  Leboeuf (Trans la t ion  from La Recherche Aero- 
nautique No. 35, September - October 1953) (Reference 2).  
"Flow i n  I n j e c t i o n  O r i f i c e s  - Applicat ion t o  Rocket 
This  paper p re sen t s  t h e  r e s u l t s  of a series of tests 
designed t o  i n v e s t i g a t e  t h e  e f f e c t s  of o r i f i c e  geometry, temperature of t h e  
in j ec t ed  l i q u i d ,  and back pressure .  
detachment o r  f l i p  are: 
The conclusions wi th  r e spec t  t o  flow 
(1) Detachment of t h e  je t  from t h e  o r i f i c e  w a l l  depends 
on t h e  en t rance  p r o f i l e  as w e l l  as s l i g h t  d i f f e r e n c e s  caused by v a r i a t i o n s  i n  
t h e i r  f a b r i c a t i o n .  
(2) Increasing t h e  f l u i d s  temperature permits  f low 
detachment a t  a low-pressure d i f f e r e n t i a l  because t h e  e l eva t ion  of t h e  vapor 
pressure  favors  t h e  ex tens ion  of t h e  c a v i t y  by t h e  j e t  cont rac t ion .  
(3) Back p res su re  a t  t h e  o r i f i c e  e x i t  could prevent 
t h e  appearance of t h e  c a v i t a t i o n  phenomena, 
c. "Charac te r i s t i c s  of I r r o t a t i o n a l  Flow Through Axia l ly  
Symmetric Or i f i ce s , ' #  by H. Rouse and A. Abul-Fetouch, Journa l  of Applied 
Mechanics, ASME, A p r i l  1951 (Reference 3 ) .  
This  paper t a b u l a t e s  t h e  con t r ac t ion  c o e f f i c i e n t s  f o r  




111, A ,  Phase I - Engineering (cont.) 
d. "On t h e  Theory of Discharge C o e f f i c i e n t s  f o r  Rounded- 
Entrance Flowmeters and Venturis," by M. A. Rivas, and A. H. Shapiro; Transac- 
t i o n s  of t h e  ASME; Vol 78; N o .  3; A p r i l  1956 (Reference 4 ) .  
Numerical methods are used t o  determine t h e  p o t e n t i a l  
and boundary l a y e r  s o l u t i o n  f o r  f low through a n  o r i f i c e  w i t h  a p resc r ibed  
i n l e t  contour.  Using t h e s e  r e s u l t s  as a b a s i s ,  t h e  discharge c o e f f i c i e n t  is  
deduced f o r  va r ious  o r i f i c e  length-to-diameter r a t i o s .  
t h a t  t h e r e  are no known a n a l y t i c a l  s o l u t i o n s  f o r  t h e  d i f f e r e n t i a l  equat ions 
which d e s c r i b e  t h e  f l u i d  v e l o c i t i e s  through an o r i f i c e .  
This paper p o i n t s  o u t  
e. "On t h e  Dynamic C h a r a c t e r i s t i c s  of Free-Liquid Jets and 
a P a r t i a l  Cor re l a t ion  wi th  O r i f i c e  Geometry," by J .  H. Rupe, Jet Propulsion 
Laboratory,  Technical Report No. 32-207, 15 January 1962 (Reference 5) .  
The dynamic c h a r a c t e r i s t i c s  of j e t s  are determined by 
means of a f l a t  p l a t e  p re s su re  probe. 
uniform v e l o c i t y  and w i t h  p i p e  flow. 
The r e s u l t s  are compared with j e t s  of 
f .  "Elimination of Popping i n  t h e  Apollo Service Propuls ion 
System Thrust Chamber," by R.  V. Kromrey, F. S.  Rossi ,  and R.  S .  Valent ine - 
Aerojet-General Corporation Report TCER 9642:0071, 8 December 1966 (Reference 6 ) .  
The tests and test d a t a  obtained from t h e  flow of water 
through a 0.073-in.-dia o r i f i c e  are descr ibed.  These tests w e r e  made a t  
Aero je t ' s  Sacramento F a c i l i t y  and were t h e  b a s i s  of t h e  10s element test 
pro g r am. 
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111, A, Phase I - Engineering (cont.)  
2. Analy t i ca l  E f f o r t  
To m e e t  t h e  a n a l y t i c a l  ob jec t ives  i n  t h e  Program Plan Report 
(6925-P)four techniques were used t o  determine a q u a l i t a t i v e  d e s c r i p t i o n  of  
t h e  hydraul ics  of s h o r t  tube flow. These w e r e  dimensional ana lys i s ,  s ta t is t ical  
ana lys i s ,  development of an electrical analog, and development of a mathematical 
model. The dimensional ana lys i s  and electrical analog program w e r e  terminated 
e a r l y  i n  t h e  program when i t  became apparent  t h a t  n e i t h e r  of t hese  techniques 
would b e  as app l i cab le  as t h e  mathematical model which combined t h e  elements 
of both p o t e n t i a l  flow theory and boundary l a y e r  ana lys i s .  
a b l e  t o  provide i n s i g h t  i n t o  t h e  phys ica l  mechanisms involved, expla in  many of 
t h e  observed phenomena, and suggest  areas f o r  f u t u r e  inves t iga t ions .  
,This model has  been 
a. Dimensional 
A dimensional a n a l y s i s  w a s  made with 1 4  of t he  va r i ab le s  




I n l e t  Configuration 
Channel s i z e  (De) 
O r i f i c e  Angle (e) 
Orien ta t ion  angle  (4) 
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Operating Conditions 
Discharge v e l o c i t y  (Vo) 
O r i f i c e  P res su re  drop (APo) 
Inlet  c r o s s  v e l o c i t y  (Vel) 
Ou t l e t  c r o s s  v e l o c i t y  (V ) c2 
F lu id  P r o p e r t i e s  
V i scos i ty  (v) 
Vapor P res su re  (AP )* 
Density (p) 
Surface Tension (u) 
V 
Three of t h e  v a r i a b l e s  ( o r i f i c e  angle ,  o r i e n t a t i o n  ang le ,  and i n l e t  configura- 
t i o n )  are dimensionless,  and cannot e n t e r  i n t o  a dimensional a n a l y s i s .  Since 
t h e  flow phenomena i n  a sharp-edged and a rounded-entrance o r i f i c e  are so  
d i f f e r e n t ,  s e p a r a t e  a n a l y t i c a l  treatments are necessary.  Consequently, t h e s e  
v a r i a b l e s  must be  added t o  t h e  r e s u l t s  of t h e  dimensional a n a l y s i s .  
With t h e  number of v a r i a b l e s  t o  be considered reduced 
t o  eleven, a p p l i c a t i o n  of Buckingham's T Theorem (Page 73 ,  Reference 7)  
provided a f u r t h e r  r educ t ion  t o  8 dimensionless groups. Even s o ,  thousands 
of tests would be r equ i r ed  t o  determine t h e  e f f e c t s  of a l l  t h e  v a r i a b l e s  by 
means of a classical type experiment. 
reduced t h e  number of v a r i a b l e s  and showed some u s e f u l  parameters,  i t  b a s i c a l l y  
revealed t h e  enormity and complexity of t h e  problem. To f u r t h e r  complicate t h e  
problem, t h e  chamber p re s su re  and t h e  atmosphere i n t o  which t h e  j e t  discharged 
would have t o  b e  considered. 
became obvious. 
*Vapor p re s su re  i s  measured from chamber p re s su re  AP 
Thus, although t h e  dimensional a n a l y s i s  
The n e c e s s i t y  of r e s o r t i n g  t o  s t a t i s t i ca l  methods 
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b. Stat is t ical  
I n  e a r l y  planning s t ages  information w a s  des i r ed  on s i x  
i n l e t  condi t ions ,  t h r e e  o r i f i c e  diameters ,  four  l e v e l s  of o r i f i c e  angle ,  s i x  
l e v e l s  of c ross -ve loc i ty ,  t h r e e  back-pressures, t h r e e  l e v e l s  of f l u i d  tempera- 
t u r e ,  and f i v e  l e v e l s  of channel- to-or i f ice  diameter r a t i o ,  Dc/Do. 
a t  a l l  poss ib l e  combinations of t h e s e  v a r i a b l e s  would have requi red  over 
233,000 tests and an  extremely l a r g e  number of hardware conf igura t ions .  
only a very small f r a c t i o n  of t hese  tests could be  conducted i t  became necessary 
t o  employ s ta t is t ical  design-of-experiment techniques.  
To test  
Since 
To p l an  f o r  a f e a s i b l e  i n v e s t i g a t i o n  of o r i f i c e  flow, t h e  
most c r i t i ca l  v a r i a b l e s  were f i r s t  s e l e c t e d  and then  a minimum number (two) of 
s i g n i f i c a n t  test l e v e l s  f o r  each of t h e s e  v a r i a b l e s  w a s  s e l e c t e d .  
a test p lan  w a s  developed f o r  t h e s e  cr i t ical  v a r i a b l e s  which would permit 
eva lua t ion  of t h e  primary e f f e c t s  of t h e s e  v a r i a b l e s  and any i n t e r a c t i o n  
e f f e c t s ,  
des i r ed  e f f o r t  so  t h a t  t h e  test v a r i a b l e s  and t h e i r  i n t e r a c t i o n s  which most 
s i g n i f i c a n t l y  a f f e c t  t h e  response v a r i a b l e s  could be determined. 
t e s t i n g  could then be conducted a t  a d d i t i o n a l  l e v e l s  of t h e  v a r i a b l e s  determined 
t o  be t h e  most important,  along with some of t h e  o t h e r  tes t  v a r i a b l e s  omitted 
from t h e  i n i t i a l  tests, 
From t h i s  
The r e s u l t  of such a program w a s  a broad i n i t i a l  survey of t h e  t o t a l  
Subsequent 
For t h e  i n i t i a l  t e s t i n g ,  six f a c t o r s  each a t  two test  
l e v e l s ,  were considered. 
respec t  t o  a l i n e  perpendicular  t o  t h e  feed  channel,  channel c ross -ve loc i ty ,  
back-pressure, f l u i d  temperature,  o r i f i c e  o r i e n t a t i o n  wi th  r e spec t  t o  feed 
flow d i r e c t i o n ,  and o r i f i c e  length-to-diameter r a t i o .  For each of t h e s e  
f a c t o r s  t he  two test levels were s e l e c t e d  which would provide s u f f i c i e n t  
spread i n  t h e  r e s u l t a n t  d a t a  f o r  determinat ion of v a l i d  estimates of t r ends  
A s  shown i n  Figure 1, t h e s e  w e r e  o r i f i c e  angle  wi th  
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and i n t e r a c t i o n s .  
tests, f a r  more than t h e  scope of t h e  c o n t r a c t  could al low,  t h e  s ta t is t ical  
problem w a s  one of s e l e c t i n g  f o r  test some subset  which could s a t i s f y  t h e  
test ob jec t ives .  Eased on techniques descr ibed i n  t h e  U. S. Department of  
Since t h e  s ix  f a c t o r s ,  each a t  two levels, r e p r e s e n t  64 
Commerce pub l i ca t ion ,  "F rac t iona l  F a c t i o n a l  Experiment Designs f o r  Fac to r s  a t  
Two Levels," a subse t  of 32 tests w a s  so  s e l e c t e d  t h a t  a l l  p r i n c i p a l  i n t e r a c t i o n s  
of t h e  s ix  f a c t o r s  could be  evaluated. 
A s  t h e  r e su l t s  from t h e  f i r s t  32 tests w e r e  being analyzed, 
along wi th  t h e  f i r s t  of t h e  contoured o r i f i c e  d a t a ,  a change i n  t h e  p l an  became 
necessary.  
fol lowing ambient temperature tests when a n a l y s i s  showed t h a t  e levated tempera- 
t u r e  would have a p r e d i c t a b l e  e f f e c t .  L imi t a t ions  on t i m e  f o r  t e s t i n g ,  r e s u l -  
t i n g  from higher  c o s t s  of set-up than planned, made it  adv i sab le  t o  test fewer 
conf igu ra t ions  w i t h  more v a r i a t i o n s  i n  c r o s s  v e l o c i t y  and o r i f i c e  o r i e n t a t i o n  
i n  support  of t h e  mathematical model development. 
U s e  of t h e  s ta t i s t ica l  p l an  w a s  c u r t a i l e d  f o r  t h e  contoured o r i f i c e s  
c. Electrical  
An electr ical  analog w a s  constructed t o  ga in  some i n s i g h t  
i n t o  t h e  complex problem of o r i f i c e  flow wi th  and without  c r o s s  flow. It 
cons i s t ed  of a t h i n  s h e e t  of e l e c t r i c a l l y  conducting Te lede l to s  paper c u t  
t o  a shape r ep resen t ing  t h e  two-dimensional flow model of a channel and o r i f i c e  
shown i n  Figure 2. The feed and d i scha rge  system w a s  represented by e l e c t r o d e s  
of silver conducting t a p e  which were a t t ached  t o  v o l t a g e  sources .  
cons t an t  p o t e n t i a l  were obtained by probing the  paper 's  s u r f a c e  with a s t y l u s  
connected t o  a vol tmeter .  From t h e  r e s u l t a n t  network t h e  s t r eaml ines  which 
are perpendicular  t o  the e q u i p o t e n t i a l  l i n e s  w e r e  determined. Comparison w i t h  
d a t a  from t h e  f i r s t  of t h e  a c t u a l  f low tests showed t h a t  r e s u l t s  der ived from 
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increased.  The b a s i c  l i m i t a t i o n s  of t h i s  two-dimensional s imula t ion  made 
f u r t h e r  development of t h i s  technique unpro f i t ab le  and i t  w a s  discont inued i n  
favor  of t h e  mathematical model which combined t h e  elements of both p o t e n t i a l  
flow theory and boundary l a y e r  ana lys i s .  
d. Mathematical 
A mathematical model of short- tube o r i f i c e  hydraul ics  
w a s  developed concurrent wi th  t h e  techniques discussed above. 
b ina t ion  of both p o t e n t i a l  f low theory and boundary l a y e r  a n a l y s i s  i t  has 
been a b l e  t o  provide i n s i g h t  i n t o  t h e  phys ica l  mechanisms involved, expla in  
many of t h e  observed phenomena, and suggest areas of f u r t h e r  i nves t iga t ion .  
With i t s  com- 
Because of t h e  g r e a t  d i f f i c u l t y  encountered i n  sepa ra t ing  
t h e  e f f e c t s  of many simultaneously i n t e r a c t i n g  v a r i a b l e s  i n  t h e  experimental  
program, it w a s  f i r s t  necessary t o  ga in  phys ica l  i n s i g h t  of t h e  flow phenomenon 
t o  a s s u r e  t h a t  meaningful c o r r e l a t i o n s  would be a t t a i n e d .  
s e l ec t ed  f o r  t h i s  a n a l y s i s  w a s  t o  develop a complete mathematical d i f f e r e n t i a l  
equat ion model based on t h e  b a s i c  con t inu i ty ,  momentum, and energy equat ions 
i n  t h e  f l u i d  dynamic system. Next, t h e  equat ions w e r e  s impl i f i ed  and solved 
f o r  d i v e r s e  opera t ing  condi t ions  f o r  appropr i a t e ly  matched boundary condi t ions .  
Whenever t h e  equat ions could not  be  solved e x p l i c i t l y  i n  c losed form, numeri- 
cal techniques w e r e  u t i l i z e d  t o  o b t a i n  meaningful phys ica l  so lu t ions .  
mathematical s o l u t i o n s  w e r e  then used as a b a s i s  f o r  q u a n t i t a t i v e l y  p red ic t ing  
f low c h a r a c t e r i s t i c s  and f o r  i d e n t i f y i n g  s i g n i f i c a n t  design parameters, f l u i d  
p rope r t i e s ,  and opera t ing  condi t ions .  These parameters i n  t u r n  were se l ec t ed  
as a b a s i s  f o r  c o r r e l a t i o n  of t h e  empir ica l  da ta .  I n  most cases, where both 
an  a n a l y t i c a l  s o l u t i o n  and test d a t a  were a v a i l a b l e  f o r  d i r e c t  comparison, t h e  
ca l cu la t ed  parametr ic  t r ends  w e r e  both q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  con- 
s i s t e n t  i n d i c a t i n g  t h a t  t h e  models are realistic. 
The approach 
The 
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It is r e a l i z e d  t h a t  t o  o b t a i n  t h e s e  prel iminary models 
many highly restrictive o r  dubious assumptions w e r e  necessary and many mathe- 
matical n i c e t i e s  w e r e  f l a g r a n t l y  v i o l a t e d .  
can r e a d i l y  be  incorporated a f t e r  t h e  b a s i c  i n f luences  are i d e n t i f i e d .  
refinements i n  t h e  mathematical models w i l l  probably l e a d  t o  minor adjustments 
i n  t h e  empi r i ca l  c o e f f i c i e n t s ;  however, i t  i s  not  a n t i c i p a t e d  t h a t  they w i l l  
change b a s i c  conclusions about t h e  v a r i o u s  pos tu l a t ed  flow mechanisms. 
Further  mathematical ref inements  
Further  
(1) Hydraulic Models 
Various hydrau l i c  models w e r e  developed i n  t h i s  
a n a l y s i s  enabl ing q u a n t i t a t i v e  d e s c r i p t i o n  of many phys ica l ly  observed 
hydraul ic  phenomena. 
models, t h e  following e f f e c t s  have been explained: 
Among t h e  s i g n i f i c a n t  s o l u t i o n s  of t h e s e  a n a l y t i c a l  
(a )  E f f e c t  of p r o p e l l a n t  s u b s t i t u t i o n  and propel- 
l a n t  temperature upon f l u i d  phys ica l  p r o p e r t i e s  ( f l u i d  d e n s i t y  and v i s c o s i t y  
c o e f f i c i e n t s  a f f e c t  t h e  rate of f r i c t i o n a l  l o s s  and s ta t ic  p res su re  recovery) ,  
(b) O r i f i c e  diameter and ope ra t ing  p res su re  d i f -  
f e r e n t i a l  a c r o s s  a n  o r i f i c e  and t h e i r  e f f e c t  upon Reynolds number, 
(c) E f f e c t  of f l u i d  temperature,  s ta t ic  p res su re ,  
and f l u i d  vapor p re s su re  upon t h e  p o s s i b i l i t y  of c a v i t a t i o n  a t  t h e  vena con- 
tracts and t h e i r  s i g n i f i c a n c e  i n  determining hydrau l i c  f l i p  as a func t ion  
of o r i f i c e  recovery f a c t o r  and ope ra t ing  AP, 
(d) O r i f i c e  entrance c h a r a c t e r i s t i c s  of b u r r s ,  
t h e o r e t i c a l  sha rp  edge, i n l e t  cu rva tu re  r a d i u s  t o  o r i f i c e  r a d i u s  r a t i o ,  and 
contoured en t r ance  e f f e c t  upon t h e  vena c o n t r a c t a  and C d ’. 
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(e) F r i c t i o n a l  boundary l a y e r  growth and c r o s s  
d’ v e l o c i t y  momentum e f f e c t s  upon contoured o r i f i c e  C 
( f )  The importance of c r o s s  v e l o c i t y  and i ts  
in f luence  upon C 
sharp-edged o r i f i c e s .  
and exit flow dev ia t ion  angle  caused by flow asymmetry i n  d 
(2) Empirical  Solu t ions  
A s  a r e s u l t  of t h e  a n a l y s i s ,  t h e  fol lowing expres- 
s ions  w e r e  der ived t o  p r e d i c t  t h e  d ischarge  c o e f f i c i e n t s  f o r  short- tube 
o r i f i c e s .  
model, bu t  t h e  numerical c o e f f i c i e n t s  w e r e  curve- f i t t ed  from t h e  a v a i l a b l e  
empir ical  data.  
The forms of t h e  s o l u t i o n s  were suggested by t h e  mathematical 
(a) Contoured Orif ice 
6 I n  (1 - Cd) = A - 0.82 I n  AP + 0.000094 ( In  AP) 
vc 2 vC 8 where : A = - 0.091 + 0.066 (E) - 0.145 (40/ (1 -I- 20/ COS 9 
This  expression,  as presented g raph ica l ly  i n  
Figure 3,  w a s  der ived s p e c i f i c a l l y  wi th  room temperature water i n  0.0512-in.- 
d i a  o r i f i c e s ,  
and AP from 5 t o  80 p s i .  
r e f e rence  system t o  p r e d i c t  C, f o r  va r i ed  design condi t ions ,  c a l c u l a t e  t h e  
The d a t a  w e r e  obtained f o r  o r i f i c e s  wi th  L/D between 2 and 4 
To a s c e r t a i n  t h e  v a l i d i t y  of using t h e  above 
4 U o r i f i c e  Reynolds number. I f  i t  i s  between 1 x l o 4  < R e  < 5 x 10 , assume t h e  
design condi t ion  is hydrau l i ca l ly  similar t o  t h e  r e fe rence  system and use  t h e  
design AP i n  t h e  subsequent Cd c o r r e l a t i o n  equat ions.  
design AP > 80 p s i ,  assume C 
4 I f  R e  > 5 x 10  o r  i f  
a t  very  high AP is cons tan t  o r  independent of d 
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4 Reynolds number, and u s e  80 p s i  f o r  AP i n  the c o r r e l a t i o n s .  I f  R e  < 1 x 10  
u s e  t h e  fol lowing AP' which is normalized t o  t h e  equ iva len t  R e  of water f o r  
which t h e  c o r r e l a t i o n s  were developed. 
6.5 x lbm/ft-sec 
"design 1.1 
AP' = 
It i s  a n t i c i p a t e d  t h a t  f o r  most of t h e  conventional p r o p e l l a n t s  of i n t e r e s t  
and t y p i c a l  i n j e c t o r  o r i f i c e  design parameters t h a t  t h e  Reynolds number w i l l  
l i e  w i t h i n  t h e  s p e c i f i e d  range and c o r r e c t i o n s  f o r  p r o p e l l a n t  t r a n s p o r t  proper- 
ties and o r i f i c e  diameter w i l l  no t  be  r equ i r ed .  
than 4, C 
f r i c t i o n  l o s s .  IR gene ra l ,  t h e  C expression ag rees  w i t h i n  - + 1% f o r  t h e  
t e s t e d  range b u t  i t s  accuracy below 5 p s i  AP is  unknown due t o  l a c k  of da t a .  
For L/D s u b s t a n t i a l l y  longer 
w i l l  b e  lower than p red ic t ed  by t h e  above expression due t o  higher  d 
d 
(b) Sharp-Edged O r i f i c e  - Detached Flow 
A + B I n  AP - C( ln  AP)1/2 - 0.0133 [ 4  - (L/D - 3)2] 1 - 0.611 l - c d -  -
C 
V 
where : A = 0.882 - 0.034 s i n  28 cos  (P + 20 L0.338 + 0.007 s i n  28 cos $J] 
B = 0.1207 + 0.0064 s i n  28 cos (P + E  [0.0337 + 0.0525 s i n  28 cos  $1 vC 
e 1 / 2  
34.50) cos (PI VC C = 0.50 -I-  [0.25 + 0.15 (- 20 
= f u n c t i o n  of en t r ance  condi t ion.  Value of 0.611 a p p r o p r i a t e  
un le s s  another  va lue  determined. cco 
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(c) Sharp-Edged Orif  ice - Symmetrically 
Attached Flow (Vc = 0) 
2 where : A = 0.806 - 0.156 (0/20) COS 4, + 0.036 (0/20) 
2 B = 0.153 - 0.035 (e/20) COS 4, + 0.008 (0/20) 
2 C = 0.640 - 0.146 (0/20) COS 4, + 0.035 (0/20) 
The above s o l u t i o n s  f o r  flow i n  sharp-edged 
Data c o r r e l a t i o n  is incom- o r i f i c e s  are presented g raph ica l ly  i n  Figure 4 .  
p l e t e  f o r  t h e  case  of asymmetrical flow i n  such o r i f i c e s .  
f o r  f u r t h e r  d i scuss ion  and conceptual desc r ip t ion .  
See Appendix B 
The c o r r e l a t i o n s  f o r  a l l  sharp-edged o r i f i c e  
da t a  were der ived wi th  room temperature water i n  0.0512-in.-dia o r i f i c e s .  
The o r i f i c e  en t rances  were lapped and deburred t o  ob ta in  t h e  b e s t  poss ib l e  
(square) e n t r y  condi t ion.  It has been v e r i f i e d  experimental ly  f o r  
2 < L/D < 4 and 5 < AP < 80. 
- + 3% f o r  t h e  a v a i l a b l e  da t a  bu t  i t s  accuracy below 5 p s i a  AP i s  unknown f o r  
l a c k  of da ta .  Above 80 p s i  AP, 80 should be  used i n  t h e  expression because 
i t  i s  assumed t h a t  C 
AP. 
incorporated i f  necessary i n  t h e  same manner as f o r  contoured o r i f i c e s  as 
descr ibed i n  Appendix B, 
In  genera l ,  t h e  C expressions agree  wi th in  d 
is  cons tan t  and independent of Reynolds Number a t  high d 
Correct ion f o r  o r i f i c e  diameter,  and p rope l l an t  proper ty  e f f e c t s  can be 
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(d) Recovery and F l i p  
- 
The recovery f a c t o r ,  rl, of a sharp-edged o r i -  
f i c e  is  def ined  by the  r a t i o  of static p res su re  rise between t h e  vena con t r ac t a  
and o r i f i c e  exit  t o  t h e  s t a t i c  p re s su re  drop between t h e  e f f e c t i v e  plenum 
pressure  t o  t h e  vena con t r ac t a .  
t h e  recovery f a c t o r  i s  t y p i c a l l y  between 25 t o  50%. 
inc reases  wi th  increas ing  L/D u n t i l  f r i c t i o n  l o s s e s  become predominant 
(L/D a 4 )  and decreases  wi th  inc reas ing  Reynold's Number. 
f a c t o r  is numerical ly  equal  t o  1 - (ccO/cd) . 
I n  sharp-edged o r i f i c e s  wi th  a t t ached  flow 
The recovery f a c t o r  
The recovery 
2 
Under cond i t ions  of e i t h e r  high recovery 
f a c t o r ,  h igh  o r i f i c e  p re s su re  drop, high p rope l l an t  vapor pressure ,  o r  low 
o r i f i c e  back p res su re  i t  is  p o s s i b l e  f o r  t h e  f l u i d  t o  c a v i t a t e  a t  t h e  vena 
cont rac ta .  When t h i s  condi t ion  f o r  p o s s i b l e  bimodal ope ra t ion  occurs ,  t h e  
r e s u l t a n t  hydraul ic  f l i p  can r e s u l t  i n  as much as 30% reduct ion  i n  d ischarge  
c o e f f i c i e n t .  The c r i t i ca l  c r i t e r i o n  f o r  i n c i p i e n t  c a v i t a t i o n  a t  t h e  vena 
con t r ac t a  i n  t h e  absence of c r o s s  v e l o c i t y  occurs  when t h e  measured o r i f i c e  
p re s su re  drop exceeds t h e  va lue  c a l c u l a t e d  using t h e  fol lowing expression:  
Since hydraul ic  flow detachment (vena con t r ac t a )  does not  occur i n  contoured 
o r i f i c e s ;  i.e., one i n  which t h e  stream l i n e s  parallel t h e  o r i f i c e  w a l l ,  t h e  
recovery f a c t o r  does no t  exis t .  
hydraul ic  f l i p  un le s s  t h e  e n t r y  is imperfec t ly  contoured wi th  r e spec t  t o  
e x i s t i n g  f low condi t ions .  I n  most i n s t ances ,  an i n l e t  r a d i u s  of twice t h e  
o r i f i c e  r a d i u s  is  s u f f i c i e n t  t o  ensure  a t t ached  flow. 
Likewise, i t  i s  impossible  t o  experience 
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(e) Flow Direc t ion  
The contoured o r i f i c e s  t e s t e d  a t  Aerojet  
demonstrated exce l l en t  f l u i d  d i r e c t i o n a l  f low c o n t r o l  (small dev ia t ion  angle  
between o r i f i c e  axis and flow o r i e n t a t i o n )  even f o r  s h o r t  L/D o r i f i c e s .  This  
is because i n  t h e  absence of a vena con t r ac t a  t h e  f low is  pr imar i ly  one- 
dimensional and t h e  r o t a t i o n a l  (secondary) flow c h a r a c t e r i s t i c s  are i n h i b i t e d .  
However, f o r  sharp-edged o r i f i c e s  t h e  i n i t i a l  f low dev ia t ion  ang le  is  pro- 
po r t iona l  to :  
-1 Bi = t a n  
+ 112 p vC2 s i n 2  
p vc2 cos2 8 cos 0 
Thus f o r  low AP and high c r o s s  v e l o c i t y ,  long L/D's are requi red  t o  damp out  
t h e  r o t a t i o n a l  f low c h a r a c t e r i s t i c s .  Fortunately,  most convent ional  i n j e c t o r s  
of i n t e r e s t  have s u f f i c i e n t l y  high AP t o  l i m i t  t h e  maximum flow dev ia t ion  
angle  t o  a few degrees .  
be  q u a n t i t a t i v e l y  ca l cu la t ed  even f o r  very  sho r t  L/D's. 
Nevertheless ,  t h e  maximum flow dev ia t ion  angle  can 
3. T e s t  Prepara t ion  
a. Equipment 
The experimental  e f f o r t  f o r  Phase I of t h e  I n j e c t o r  
O r i f i c e  Study cons is ted  c h i e f l y  of s i n g l e  o r i f i c e  element tests. The test 
f i x t u r e  w a s  designed and f a b r i c a t e d  t o  accommodate interchangeable  o r i f i c e  
p l a t e s  and t o  a l low f o r  t e s t i n g  under a wide v a r i e t y  of condi t ions .  Figure 5 
g ives  a schematic r ep resen ta t ion  of t h e  test  f i x t u r e ,  t h e  des ign  c r i t e r i a  f o r  
which included v i s i b i l i t y  of t h e  e f f l u e n t  f low stream, easy in t e rchangeab i l i t y  
of o r i f i c e  p l a t e s ,  p rope l l an t  compa t ib i l i t y ,  and a des ign  pressure  c a p a b i l i t y  
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of 500 p s i ,  except f o r  window s t r eng th .  
s t r e n g t h  of  t h e  t r anspa ren t  s e c t i o n  t o  175 p s i  (y i e ld  p o i n t ) .  
a disassembled v i e w  of t h e  f i x t u r e ,  showing channel p l a t e ,  o r i f i c e  p l a t e ,  
i n l e t  p l a t e ,  window, and chamber. The o r i f i c e  p l a t e  can be  posi t ioned t o  
provide any d e s i r e d  o r i f i c e  o r i e n t a t i o n  wi th  r e s p e c t  t o  f eed  channel flow. 
This  f i x t u r e  w a s  incorporated i n  t h e  test se tup ,  Figure 7 ,  which shows t h e  
Material a v a i l a b i l i t y  l i m i t e d  t h e  
Figure 6 shows 
gene ra l  f low plumbing, 
with:  cold and heated 
and N204. 
gages and c o n t r o l s .  
water, ambient and elevated back-pressure, AeroZINE 50, 
There w e r e  s i x  se tups  f o r  tests 
b .  Orif  ice P l a t e  Fabr i ca t ion  
A t o t a l  of 36 aluminum* o r i f i c e  p l a t e s  w e r e  manufactured, 
25 of which w e r e  u t i l i z e d  i n  t h e  t e s t i n g  program. 
and dimensions are shown i n  Figure 8. 
o r i f i c e s  by v i r t u e  of t h e i r  en t r ance  condi t ion:  
Tests were run  on them i n  t h e  a s - d r i l l e d  cond i t ion  except f o r  f i v e  which 
w e r e  hand-polished t o  remove b u r r s  and t o o l  marks. D r i l l  and flow-entry 
s i d e s  were i d e n t i c a l ,  except f o r  a s i n g l e  sharp-edged o r i f i c e  ( p l a t e  32) which 
w a s  d r i l l e d  from t h e  ex i t  s i d e  t o  provide a n  e n t r y  t y p i c a l  of a b l i n d - d r i l l e d  
i n j e c t o r .  The b u r r s  and protuberances which r e s u l t  from such d r i l l i n g  are 
c l e a r l y  v i s i b l e  f o r  a l l  t h e  p l a t e s  (see Figure 9 ) .  
machined (ELOX) o r i f i c e  w a s  made t o  test a conf igu ra t ion  which would be  
burr-free.  
The o r i f i c e  conf igu ra t ions  
Bas i ca l ly ,  t h e r e  w e r e  two types of 
sharp-edged and contoured. 
An e l ec t r i ca l -d i scha rge -  
*An a d d i t i o n a l  p l a t e  of 347 s t a i n l e s s  steel w a s  n o t  t e s t e d .  
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The c h a r a c t e r i s t i c s  of t h e  contoured o r i f i c e  are shown 
i n  Figure 10. 
wide usage on ASME flow nozzles .  
on a l l  10s design d i sc losu res ,  inc luding  both t h e  s i n g l e  element test p l a t e s  
and t h e  Phase I1 i n j e c t o r  o r i f i c e s .  However, as t h e  o r i f i c e  diameter decreases  
t h e  p r a c t i c a l  machining to l e rances  exert a cons iderable  in f luence  on t h e  a c t u a l  
contour and i t  i s  concluded t h a t  i n  a l l  p r o b a b i l i t y  t h e  s a m e  r e s u l t s  could 
have been obtained wi th  any similar contour so  long as sharp d i s c o n t i n u i t i e s  
were avoided. 
The 2/3 diameter e l l i p t i c a l  en t rance  w a s  s e l e c t e d  because i t  has  
This  type  of en t rance  contour w a s  s p e c i f i e d  
Two o the r  o r i f i c e  e n t r y  types were f a b r i c a t e d ,  con ica l  
and stepped, bu t  only one of each was  t e s t e d .  I n  a d d i t i o n ,  two mul t ip l e  
sharp-edged o r i f i c e  p l a t e s  were made, one wi th  four  equal ly  spaced ho le s  
perpendicular  t o  t h e  p l a t e  (6 = O o )  and t h e  o the r  wi th  two holes  t h a t  diverged 
(6 = 0' and 2 0 ° ) .  
c. T e s t  Planning 
The bas i c  test  p l an  shown i n  Figure 1 w a s  based on t h e  
statist ical  a n a l y s i s  of a l l  t h e  v a r i a b l e s  under cons idera t ion  and t h e  poss ib l e  
e f f e c t s  t h a t  t h e s e  v a r i a b l e s  might have on t h e  o r i f i c e  flow c h a r a c t e r i s t i c s .  
This  mat r ix  w a s  designed t o  g i v e  two-point c o r r e l a t i o n s  f o r  t h e  in f luence  of 
t h e  many parameters on d ischarge  c o e f f i c i e n t .  
evident  that a d d i t i o n a l  tests were necessary t o  a i d  i n  t h e  understanding of 
t h e  da t a  a l r eady  acquired. 
problems caused by anomalous o r  unreasonably s c a t t e r e d  d a t a  po in t s .  
A s  t e s t i n g  proceeded i t  became 
Many were r e p e t i t i o n s  of previous runs  t o  r e s o l v e  
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Tests w e r e  planned where a l l  v a r i a b l e s  w e r e  held cons t an t  
while  only t h e  parameter of i n t e r e s t  w a s  va r i ed .  
w e r e  app l i ed  t o  t h e  survey on t h e  e f f e c t s  o f :  diameter ,  cross-veloci ty ,  o r i f i c e  
o r i e n t a t i o n ,  o r i f i c e  ang le ,  and length-to-diameter r a t i o .  Other tests were 
t o  s tudy such a d d i t i o n a l  v a r i a b l e s  as feed channel s i z e ,  production methods, 
m u l t i - o r i f i c e  conf igu ra t ions ,  back-pressure, temperature,  and v i s c o s i t y .  
Such classical test methods 
4 .  O r i f i c e  Test ing 
a. T e s t  Method 
Each test cons i s t ed  of flow and p res su re  measurements 
on a given o r i f i c e  p l a t e  with s e l e c t e d  p l a t e  o r i e n t a t i o n ,  cross-veloci ty ,  
back-pressure, and temperature.  The measurements were taken a t  d i s c r e t e  
d i f f e r e n t i a l  p re s su res ,  u sua l ly  up t o  80 p s i ,  w i th  a s i n g l e  test  recording 
d a t a  a t  both inc reas ing  and decreasing AP. 
each sampling p o i n t ,  t h e  flow w a s  d i v e r t e d  by means of a solenoid valve t o  t h e  
volumetric c o l l e c t i o n  system f o r  a p r e c i s e l y  timed i n t e r v a l .  
temperatures,  volumes, sampling t i m e ,  s u b j e c t i v e  e f f l u e n t  stream d e s c r i p t i o n s  
and protractor-measured d i r e c t i o n s  w e r e  entered on t h e  d a t a  s h e e t  f o r  each test ,  
as w e l l  as t h e  b a s i c  i d e n t i f i c a t i o n s  of o r i f i c e  d e s c r i p t i o n  and test  cond i t ions .  
When p res su res  were s t a b i l i z e d  a t  
P res su res ,  
b. Data Reduction 
The c o l l e c t e d  d a t a  from t h e  tests w e r e  reduced t o  y i e l d  
a discharge c o e f f i c i e n t  va lue  a t  each recorded AP po in t .  
and thicknesses  were used i n  t h e  C 
dimensions. C w a s  c a l c u l a t e d  by t h e  fol lowing equation: 
The a c t u a l  diameters  
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fi 
cd = Ad=- S 
where: - A = O r i f i c e  area 
Cd = Discharge c o e f f i c i e n t  




= Density of f l u i d  a t  test temperature 
=Measured p res su re  drop ac ross  o r i f i c e  
= Measured weight flow rate = 
S v o l  x p 
time 
Cer t a in  s i m p l i f i c a t i o n s  were employed t o  expedi te  da t a  




temperature of 86OF a decrease  i n  Cd of 0.4% would r e s u l t  (0.982 t o  0.978). 
The a c t u a l  range of temperatures a t  which t h e  tests w e r e  conducted w a s  
62 to 8 6 0 ~  w i t h  
For t h e  water tests t h e  same dens i ty  va lue  w a s  used f o r  a l l  ambient 
This  w a s  62.41 l b  per cu f t ,  t h e  va lue  f o r  a temperature 
The e f f e c t  of t h i s  i s  i n s i g n i f i c a n t ,  i.e., using t h e  dens i ty  f o r  a 
90% of a l l  tests between 65 and 75'F. 
O r i f i c e  diameters  were measured by means of d r i l l  p in  
gages, using t h e  s tandard shop inspec t ion  techniques.  Subsequently an 
i n v e s t i g a t i o n  w a s  made t o  check t h e  e f f e c t  of t h e  to l e rances  inhe ren t  wi th  
t h i s  procedure. 
from a s p e c i f i e d  d r i l l  s i z e .  
i n  t h e  Measurements Standards Laboratory by t h e  most p r e c i s e  technique a v a i l a b l e .  
Cast ings of each o r i f i c e  made from r e p l i c a  material w e r e  measured on a P r a t t  
and Whitney "Super-Micrometer" reading d i r e c t l y  t o  0.0001-in. 
w e r e  made f o r  t h r e e  p o s i t i o n s  of each cas t ing .  
Some i n t e r e s t i n g  v a r i a t i o n s  were found i n  diameters  r e s u l t i n g  
Nineteen of t h e  o r i f i c e s  t e s t e d  w e r e  remeasured 
Measurements 
Where s i g n i f i c a n t  d i f f e r e n c e s  
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ex i s t ed  from previous measurements, t h e  d a t a  f o r  t h e  most important tests w e r e  
recomputed. The e f f e c t  on Cd of diameter dev ia t ion  from planned s i z e  i s  
pronounced. For an o r i f i c e  diameter of 0.0512 in . ,  a 0.001-in. d i f f e r e n c e  
produces a 4% change i n  Cd. 
f o r  a 0.025-in. o r i f i c e .  Of t h e  n ine teen  remeasurements, s i x  va r i ed  a t  least 
The s a m e  1 m i l  d i f f e r e n c e  r e s u l t s  i n  an 8% change 
t h i s  much from t h e  o r i g i n a l  i n spec t ion  da ta .  The accuracy of t h e  c a s t i n g  w a s  
checked by comparator measurements of a s t ra ight - through ho le  (0  = 0) .  There 
w a s  no measurable d i f f e rence .  
None of t h e  0.0512-in. nominal diameter o r i f i c e s  
The range by t h e  checked by t h e  cas t ing  method w a s  less than  nominal. 
2 measurement methods w a s  as follows: 
Diameter, i n .  
Nominal Cast ing P in  Gage 
0.0512 0.0513 t o  0.0559 0.0504 t o  0.0555 
c. T e s t s  Conducted 
One hundred and twenty-nine tests were conducted 
exc lus ive  of t hose  run f o r  equipment checkout and c a l i b r a t i o n  purposes. 
these ,  40 were on o r i f i c e s  wi th  contoured en t rances  (7 conf igu ra t ions ) ,  
85 were on those with sharp-edged en t rances  (27 conf igu ra t ions ) ,  two were 
on an  o r i f i c e  wi th  a con ica l  en t ry  (one conf igura t ion) ,  and two w e r e  on an 
o r i f i c e  wi th  a stepped en t ry .  Of t h e  sharp-edged o r i f i c e s ,  48 tests were con- 
ducted on those  which had been lapped on t h e  flow e n t r y  s i d e ,  while  t h e  
remaining 37 w e r e  i n  t h e  a s - d r i l l e d  condi t ion.  Figure 8 summarizes t h e  
va r ious  conf igura t ions  manufactured and Figure 11 summarizes t h e  tests t o  
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Severa l  v a r i a t i o n s  i n  t h e  f low medium w e r e  t e s t e d .  
Of t h e  129 tests, 118 w e r e  wi th  water and 11 were wi th  s t o r a b l e  p rope l l an t s  
(6 wi th  t h e  ox id ize r  N204 and 5 wi th  t h e  f u e l  AeroZINE 50). 
i n  each of t h e  f l u i d s  w e r e  accomplished by temperature con t ro l .  
tests 102 were a t  ambient temperature (range 62 t o  86OF wi th  t h e  major i ty  
a t  68 t o  72'F), and 16 used 180'F w a t e r .  
Fur ther  v a r i a t i o n s  
Of t h e  water 
The p rope l l an t  tests were done wi th  temperatures from 
70 t o  125OF and with no c r o s s  flow imposed. 
f o r  t h e  AeroZINE 50 runs ,  and ranged from 22 t o  50 ps ig  f o r  those  wi th  N204. 
One sharp-edged o r i f i c e  and one contoured o r i f i c e  w e r e  t e s t e d ,  each wi th  t h e  
hole  s t r a i g h t  through (0  = 0 )  and an  L/D of 2 as fol lows:  
Back-pressures were 50 p s i g  
Sharp Edged Contoured 
4 2 N2°4 
AeroZINE 50 2 3 
Cross-velocity,  s imula t ing  i n j e c t o r  channel f low, w a s  
another  important test condi t ion  f o r  t h i s  program, ranging from 0 t o  20 f p s  
as shown below: 
Cross-Velocity, f p s  
0 10 15 20 - - - -  O r i f i c e  Entrance 
Sharp-edged 43 6 1 39 
18 
To ta l  65 6 1 57 
-0 -0 -22 -Contoured 
Included i n  one test on a con toured .o r i f i ce  w e r e  a number of test p o i n t s  a t  a 
d i f f e r e n t i a l  p re s su re  of 30 p s i  where t h e  c r o s s  flow w a s  progress ive ly  
decreased from 21.5 f p s  t o  zero.  
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Although o r i g i n a l  planning i n d i c a t e d  t h e  d e s i r a b i l i t y  
of i n v e s t i g a t i n g  t h e  e f f e c t  of channel s i z e  (channel-to-orifice diameter r a t i o )  
on o r i f i c e  flow, i t  became c l e a r l y  evident  t h a t  t h i s  w a s  beyond t h e  scope of 
the program. 
which provided a Dc/Do of 8 f o r  t h e  0.0512-in. (nominal) o r i f i c e s  which were 
used f o r  124 tests of t h e  129 test  program. 
been run wi th  a smaller channel t o  provide a diameter r a t i o  of 4, fol lowing 
which t h e  channel p l a t e  was  machined t o  t h e  l a r g e r  diameter.  For t h e  o t h e r  
2 s i z e s  of o r i f i c e s  t e s t e d  t h e  r a t i o  w a s  16 f o r  t h e  4 tests wi th  0.0256-in. 
ho le s  and 4 f o r  t h e  s i n g l e  test with a 0.1024-in. hole .  
Consequently a l l  tests bu t  one w e r e  r u n  w i t h  t h e  same channel 
The f i r s t  test on t h e  program had 
d. Resu l t s  
Observations and measurements w e r e  made of t h e  flow from 
t h e  test o r i f i c e s  t o  provide a n  improved understanding of t h e  d i r e c t i o n a l  
c o n t r o l  of t h e  f l u i d  i s s u i n g  from t h e  o r i f i c e ,  a b i l i t y  t o  ensure s t a b l e  flow 
streams, and c a p a b i l i t y  of p r e d i c t i n g  t h e  discharge c o e f f i c i e n t  of a n  o r i f i c e .  
(1) Jet  C h a r a c t e r i s t i c s  
Flow s t a b i l i t y  wi th in  t h e  o r i f i c e ,  o r i f i c e  p r e s s u r e  
drop, o r i f i c e  length-to-diameter r a t i o ,  and channel flow d i r e c t i o n  and v e l o c i t y  
a c r o s s  t h e  o r i f i c e  entrance a l l  a f f e c t  t h e  f r e e  j e t  d i r e c t i o n  and shape. 
Stream d e s c r i p t i o n s  w e r e  recorded f o r  77 of t h e  program's 129 tests. The 
streams f o r  t h e  remainder w e r e  no t  v i s i b l e  because t h e  i n t e r i o r  of t h e  p l ex i -  
g l a s s  window w a s  obscured during ho t  water, back-pressure, and p rope l l an t  
t e s t i n g .  There w e r e  almost as many d i f f e r e n t  streams as t h e r e  w e r e  tests 
observed. Streams could vary from clear, round, and narrow je t s  resembling 
a g l a s s  rod a t  low d i f f e r e n t i a l  p re s su res  t o  opaque, f l a t ,  bushy, and wide 
je ts  a t  higher  p re s su res .  Figures  12 ,  13 and 14 show t y p i c a l  streams from 
both contoured and sharp-edged o r i f i c e s .  O r i f i c e s  wi th  contoured en t r ances  
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gave t h e  most cons i s t en t  f low p a t t e r n  under wide v a r i a t i o n s  of f low condi t ions .  
N o  abrupt  changes were observed, wi th  a round clear j e t  gradual ly  becoming 
more cloudy u n t i l  a t  a d i f f e r e n t i a l  p re s su re  of 100 p s i  i t  w a s  very  fuzzy o r  
bushy with a d i spe r s ion  angle  of 3 t o  6". Jets from sharp-edged e n t r y  o r i f i c e s  
var ied  considerably and could have spray angles  as l a r g e  as 20 t o  30". D r a m a t i c  
changes i n  t h e  spray could be  seen when an  o r i f i c e  experienced hydraul ic  f l i p  
o r  flow detachment. As t h e  d i f f e r e n t i a l  p ressure  increased t h e r e  would be  an  
inc rease  i n  fuzz iness  u n t i l  f l i p ,  a t  which poin t  t h e r e  would be  a sharp 
decrease i n  d i spe r s ion  t o  t h a t  t y p i c a l  of a contoured o r i f i c e  a t  t h e  same 
pressures .  
from a t tached  t o  detached flow. The t e r m  p r e f l i p  impl ies  t h e  time p r i o r  t o  
t h a t  t r a n s i t i o n  during which t h e r e  is  a t tached  flow. Conversely, p o s t f l i p  
i n d i c a t e s  detached o r  p a r t i a l l y  detached f low,)  
(The t e r m  f l i p  as used i n  t h i s  r epor t  i s  def ined as t h e  t r a n s i t i o n  
(2) Jet Di rec t iona l  Control 
Control  of flow d i r e c t i o n  from i n j e c t o r  o r i f i c e s  
is  a design requirement f o r  impinging o r i f i c e  pa t t e rns .  Mis-impingement, o r  
p a r t i a l  impingement, can degrade performance by reducing atomizat ion and by 
causing a mixture  r a t i o  d i s t r i b u t i o n  loss. O r i f i c e s  wi th  contoured e n t r i e s  
were less s e n s i t i v e  t o  t h e  test  v a r i a b l e s  than  those  wi th  sharp-edged e n t r i e s .  
Channel c ross -ve loc i ty ,  i n  p a r t i c u l a r ,  s t imu la t e s  nonsymmetrical f low through 
sharp-edged o r i f i c e s .  Figure 15 shows t h i s  e f f e c t  f o r  t h r e e  d i f f e r e n t  o r i f i c e s ,  
L/D's of 1, 2 and 4 ,  f o r  t h e  sharp-edged conf igu ra t ion  a t  an angle  of 20". 
The problem of dev ia t ion  caused by v a r i a t i o n  i n  en t rance  edges among t h e  t h r e e  
makes i n t e r p r e t a t i o n  of t h i s  d a t a  of ques t ionable  va lue .  For a contoured o r i f i c e  
( P l a t e  8,  L/D = 4 ,  9 = 40" )  t h e  extreme dev ia t ion  ranged from 1 t o  3"  as AP 
w a s  increased from 30 t o  80 p s i ,  and t h i s  w a s  f o r  t h e  severe condi t ion  of an  
o r i f i c e  o r i en ted  130° t o  a 20 f p s  cross-flow. For sharp-edged o r i f i c e s  wi th  
L / D ' s  of one o r  less, however, t h e  streams are sub jec t  t o  severe  angular  
Page 26 
Report 6925-F 
111, A ,  Phase I - Engineering (cont.) 
dev ia t ion  from t h e  nominal o r i f i c e  d r i l l - a n g l e .  
w e r e  observed wi th  cross-flow, and l o o w i t h  no cross-flow. 
more el iminated such extremes. 
Deviat ions as high as 15" 
A L/D of two o r  
( 3 )  Discharge Coef f i c i en t  
The wide range of discharge c o e f f i c i e n t s  which 
can be  found w i t h  o r i f i c e s  t y p i c a l  of rocke t  engine i n j e c t o r s  w a s  amply 
demonstrated. The most pronounced e f f e c t  on t h e  v a l u e  of t h i s  c o e f f i c i e n t  
w a s  exer ted by t h e  entrance cond i t ion  of t h e  o r i f i c e .  Th i s  can be  seen i n  
Figure 16  where r e p r e s e n t a t i v e  tests have been p l o t t e d  t o  cover t h e  range 
of program v a r i a b l e s .  
of 40 p s i ,  d ischarge c o e f f i c i e n t s  ranged from 0.88 t o  0.98 f o r  countoured- 
entrance o r i f i c e s .  F igu re  1 7  shows some of t h e  e f f e c t s  of length-to-diameter 
For a t y p i c a l  pressure-fed system d i f f e r e n t i a l  p re s su re  
r a t i o ,  o r i f i c e  angle ,  o r i f i c e  o r i e n t a t i o n ,  and cross-flow. Back-pressure had 
no e f f e c t .  With sharp-edged o r i f i c e s  C d ' s  ranged from 0.54 t o  0.85 depending 
on whether t h e  flow w a s  detached, o r  w a s  a t t ached  i n  t h e  p r e f l i p  condi t ion.  
The lowest v a l u e  w a s  f o r  a n  o r i f i c e  w i t h  a pronounced bu r r  on t h e  o r i f i c e  
e n t r y  
Hydraulic f l i p  o r  flow-detachment as previously 
discussed,  is a n  important phenomenon a f f e c t i n g  o r i f i c e  discharge.  Many 
ins t ances  w e r e  observed of t h i s  sudden t r a n s i t i o n  from rea t t ached  t o  unattached 
flow, a l l  with sharp-edged o r i f i c e s .  A s  expected, t h e r e  w e r e  no f l i p s  with 
contoured o r i f i c e s ,  a l though cases have been mentioned i n  t h e  l i t e r a t u r e  
(Reference 2 )  which are probably r e l a t e d  t o  imperfect ions on t h e  contour.  
i s  a l s o  p o s s i b l e  t h a t  t h e  upper l i m i t  f o r  d i f f e r e n t i a l  p re s su re  of 100 p s i  f o r  
t h e  10s Program may have r e s u l t e d  i n  some tests f a l l i n g  j u s t  s h o r t  of a higher  
p re s su re  which could have caused a f l i p .  
t y p i c a l  of a p r e f l i p  cond i t ion  a t  t h e  higher  AP's lend some support  t o  t h i s .  
It 
Observances of i nc reas ing  bushiness  
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The e f f e c t  of length-to-diameter r a t i o  on discharge  
c o e f f i c i e n t  w a s  not  apparent from t h e  tests, except through i t s  inf luence  on 
f l i p .  Since tests of a s i n g l e  e n t r y  condi t ion  wi th  o r i f i c e  l eng th  progress ive ly  
shortened were not  conducted, t h e  l a r g e  e f f e c t  of edge v a r i a b i l i t y  predominated. 
Although it  i s  known t h a t  f o r  a given set of test condi t ions ,  a reasonable  
value of L/D exists where f l i p  would be suppressed, t h e  upper l i m i t  of an  L/D 
of 8 f o r  t h e  cu r ren t  program w a s  not  l a r g e  enough. 
o r i f i c e s  of d i f f e r e n t  L / D ' s  under t h e  same test condi t ions  ( including a cross-  
v e l o c i t y  of 10  f p s )  f l i p  occurred wi th  L/D's  of 2,  4 ,  and 8 .  For va lues  of 
1 / 2  and 1 flow sepa ra t ion  w a s  a l ready  e s t ab l i shed  a t  t h e  f i r s t  measuring p o i n t ,  
s o  f l i p  had a l ready  occurred. 
most sub jec t  t o  f l i p  i s  2 t o  5 .  I n  another  tes t ,  a p l a t e  wi th  an  "Eloxed" 
o r i f i c e  w a s  machined on t h e  d ischarge  s i d e  t o  decrease  t h e  L/D from 4 t o  2 
a f t e r  a test wi th  no f l i p  under a zero c ross -ve loc i ty  condi t ion.  With t h e  
lower L/D t h e r e  w a s  f l i p .  
I n  a test series wi th  
The range ind ica ted  i n  t h e  l i t e r a t u r e  which i s  
From t h e  s ta t is t ical  eva lua t ion  performed on t h e  
prel iminary test d a t a  i t  w a s  clear t h a t  t h e  d ischarge  c o e f f i c i e n t  w a s  most 
s i g n i f i c a n t l y  inf luenced by cross -ve loc i ty ,  o r i f i c e  o r i e n t a t i o n ,  and o r i f i c e  
angle ,  wi th  t h e  averages f o r  t h e  sharp-edged o r i f i c e s  showing 6 t o  10  t i m e s  
t h e  d i f f e rences  exhib i ted  by contoured o r i f i c e s .  Data f o r  a t y p i c a l  sharp- 
edged o r i f i c e  which had been lapped t o  remove bu r r s  and t o o l  marks are shown i n  
Figure 18 as an  example of how c ross  v e l o c i t y  and o r i f i c e  o r i e n t a t i o n  a f f e c t  
d i scharge  c o e f f i c i e n t .  The increased v a r i a t i o n  wi th  r e spec t  to o r i f i c e  or ien-  
t a t i o n  as cross-ve loc i ty  reaches 20 f p s  is w e l l  demonstrated. 
The phys ica l  p r o p e r t i e s  which a f f e c t  flow through 
an  o r i f i c e  are dens i ty ,  v i s c o s i t y ,  and vapor pressure .  Their  i n t e r a c t i o n  
is p a r t i c u l a r l y  graphic  i n  t h e  case of flow through a sharp-edged o r i f i c e  
where t h e  combined e f f e c t s  of f l u i d  bulk temperature and back-pressure determine 
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vapor formation a t  t h e  vena cont rac ta .  
i n  t h e  test program by t h e  u s e  of both water and p rope l l an t s  a t  d i f f e r e n t  t e m -  
pera tures  and back pressures .  During t h e  e a r l y  development of t h e  Hydraulic 
Flow Model discussed i n  Sect ion III ,A,Z,d,  i t  w a s  p o s s i b l e  t o  p r e d i c t  qua l i -  
t a t i v e l y  t h e  test condi t ions  used f o r  t h e  propel lan t  f lows from t h e  prel iminary 
da t a  from t h e  water tests. It has been shown t h a t  i nc reases  i n  t h e  flow 
medium's temperature lowered t h e  p re s su re  a t  which f l i p  would occur.  Where 
f l i p  occurred a t  a AP of 47 wi th  68'F water as shown i n  Figure 18, it occurred 
a t  a AP of 10 wi th  water a t  180'F. 
no s i g n i f i c a n t  e f f e c t  on d ischarge  c o e f f i c i e n t ,  except f o r  sharp-edged o r i f i c e s  
t h a t  had previously f l i pped .  
The r e s u l t s  of t h e  tests wi th  p rope l l an t s  were f o r  t h e  most p a r t  d i sappoin t ing .  
The problems a s soc ia t ed  wi th  flowing t h e  hazardous f l u i d s  wi th  t h e  p rec i s ion  
required f o r  t h e  program involved equipment and ope ra t iona l  changes con- 
s ide rab ly  beyond t h e  funds and time a v a i l a b l e  on t h e  con t r ac t .  
however, were of some va lue .  I n  Figure 19 can be seen some of t h e  more 
reasonable  d a t a  f o r  v a r i a t i o n  i n  test f l u i d .  
occurred, consider ing t h e  back-pressure as w e l l  as t h e  f l u i d  p r o p e r t i e s ,  
ag ree  favorably  with t h e  a n a l y t i c a l  p red ic t ions .  
contoured o r i f i c e  wi th  N204 heated t o  llO°F, flow sepa ra t ion  appeared t o  
occur between a bP of 75 and 100; flow measurements made as AP decreased 
were considerably lower than  when it w a s  being increased although t h e  test 
da ta  are very  erratic. For t h e  sake of c l a r i t y  i n  viewing t h e  d a t a ,  t hese  
r e t u r n  pa ths  were not  shown i n  t h e  f i g u r e .  
cont ra ry  t o  t h e  r e s u l t s  which would have been predic ted  and may w e l l  have 
r e s u l t e d  from t h e  mechanical problems a s soc ia t ed  wi th  conducting t h e  tests 
remotely. 
Reference 2 repor ted  a f l i p  of a contoured o r i f i c e .  
Reference 2 may have been as a r e s u l t  of a n  imperfect i n l e t .  However, t h i s  
was not t h e  case on t h e  10s program because t h e  same test element had s t a b l e  
f low c h a r a c t e r i s t i c s  on previous tests. 
Var ia t ions  i n  p r o p e r t i e s  w e r e  evaluated 
For inc reases  i n  back-pressure t h e r e  w a s  
I n  t h e s e  cases f l i p  occurred a t  higher  AP's. 
A few runs ,  
The pressures  a t  which f l i p  
I n  t h e  two tests of t h e  
This  i n d i c a t i o n  of Separat ion i s  
The reason t h e  test i s  no t  regarded as completely inva l id  i s  t h a t  
The f l i p  repor ted  i n  
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Smal l  v a r i a t i o n s  i n  en t rance  condi t ions  produced 
s i g n i f i c a n t  changes i n  t h e  d ischarge  from t h e  sharp-edged o r i f i c e s  t e s t e d .  
As shown i n  Figure 20,  rework t o  remove en t rance  d e f e c t s  remaining from 
d r i l l i n g  caused hydraul ic  f l i p  t o  occur where t h e r e  had been no f l i p  a t  a l l  
i n  t h e  a s - d r i l l e d  condi t ion.  This  occurred even wi th  t h e  s i t u a t i o n  where a 
cross-ve loc i ty  of 20 f p s  w a s  u sua l ly  s u f f i c i e n t  t o  cause t h e  o r i f i c e  t o  flow 
i n  t h e  p a r t i a l l y  r a t h e r  than f u l l y  detached mode. 
d i s turbance  t o  e f f e c t  as much as a 10% decrease i n  flow w a s  a l s o  revealed i n  
t h e  test set p l o t t e d  i n  Figure 18. 
o r i e n t a t i o n  of 135" w a s  obviously too low (data  not  p l o t t e d ) ,  wi th  va lues  w e l l  
below those  for t h e  condi t ion  of maximum turn ing  l o s s e s  ($ = 180"). A c l o s e  
examination of t h e  o r i f i c e  entrance revealed a pronounced bur r  a t  about 135" 
from t h e  $ = zero datum. 
The a b i l i t y  of a small 
I n  t h e s e  tests t h e  d ischarge  f o r  an o r i f i c e  
5. I n j e c t o r  Design Criteria 
The i n j e c t o r  design requirements as spec i f i ed  i n  t h e  reques t  
f o r  quota t ion  were f l e x i b l e ,  t h e  only r e s t r a i n t  being t h e  p roh ib i t i on  of bl ind-  
d r i l l e d  o r i f i c e s .  Consequently, t h e  i n j e c t o r  design o r i g i n a l l y  proposed w a s  
one incorpora t ing  t h e  bas i c  design f e a t u r e s ,  inc luding  t h e  p a t t e r n ,  of t h e  
SPS i n j e c t o r  . 
These p lans  w e r e  subsequently changed i n  favor  of a t r u l y  
optimized design which incorporated a s i g n i f i c a n t  p a t t e r n  change. 
reasoning underlying t h e s e  dec is ions  w i l l  be developed i n  t h e  fol lowing 
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a. P rope l l an t  D i s t r i b u t i o n  Manifolds 
(1) Fuel  
Two design approaches were considered: 
(a) A p a t t e r n  d r i l l e d  i n  t h e  i n j e c t o r  f a c e  r i n g s  
p r i o r  t o  welding i n  t h e  body as shown i n  Figure 21. 
access t o  t h e  o r i f i c e  en t r ance  and exi t  p r i o r  t o  welding. However, i t  has  t h e  
inhe ren t  disadvantages of d i f f i c u l t y  i n  maintaining t h e  p r e c i s e  p a t t e r n  
o r i e n t a t i o n  because a s l i g h t  indexing e r r o r  i n  p o s i t i o n i n g  two adjacent  r i n g s  
r e s u l t s  i n  stream misimpingement, p o s s i b l e  o r i f i c e  d i s t o r t i o n  due t o  welding, 
and rough weld j o i n t  area. 
This  approach provides 
(b) Machining and welding f u e l  channel c l o s u r e  r i n g s  
from t h e  backside as shown i n  Figure 22. Here a l l  o r i f i c e s  are a c c e s s i b l e  f o r  
i n spec t ion ,  and s i n c e  t h e r e  are no i n j e c t o r  f a c e  welds,  t h e  p o s s i b i l i t y  of 
o r i f i c e  d i s t o r t i o n  caused by welding i s  minimized. 
of t h i s  approach i s  t h a t  t h e  f u e l  channel cover welds are common t o  both 
p r o p e l l a n t s ,  i .e . ,  f u e l  on one s i d e  and ox id ize r  on t h e  o t h e r .  
The primary disadvantage 
The f i n a l  LOS design used both approaches, 
The p r e d r i l l e d  r i n g  concept w a s  used w i t h i n  t h e  b a f f l e  hub and backside welded 
covers on t h e  rest of t h e  i n j e c t o r .  
used throughout t h e  i n j e c t o r  except t h a t  i t  w a s  no t  f e a s i b l e  i n  t h e  area wi th in  
t h e  b a f f l e  hub. 
The welded cover concept would have been 
This  approach w a s  f e a s i b l e  because a l l  manifold 
welds were t o  be  made by t h e  e l e c t r o n  beam process .  The e x c e l l e n t  r e s u l t s  
obtained on t h e  SPS program wi th  t h i s  process  inva l ida t ed  t h e  previous ob jec t ions  
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t o  common welds. 
d i f f e r e n t i a l  p ressure  ac ross  t h e  cover welds because t h e  f u e l  and ox id ize r  
pressures  are e s s e n t i a l l y  i d e n t i c a l .  
are subjected t o  approximately 200 p s i  d i f f e r e n t i a l  p re s su re  during t h e  start 
t r a n s i e n t  and t h e r e  have been no in s t ances  of f a i l u r e s .  
An a d d i t i o n a l  f a c t o r  of s a f e t y  is  provided by t h e  absence of 
The welds on t h e  SPS i n j e c t o r  f a c e  r i n g s  
(2) Oxidizer 
Another change t o  t h e  e s t ab l i shed  SPS manifold w a s  
t h e  i n s t a l l a t i o n  of flow d i s t r i b u t i o n  p l a t e s  over t h e  ox id ize r  channels as 
shown i n  Figure 22. 
d i s t r i b u t i o n  manifolds. This  r e s u l t s  i n  an uneven temperature d i s t r i b u t i o n  
with a rise of approximately 30°F from t h e  i n l e t  t o  a p o s i t i o n  180" away. 
10s flow d i s t r i b u t i o n  covers provide f i v e  equal ly  spaced en t rances  t o  each 
ox id ize r  channel,  thus  minimizing t h e  temperature g rad ien t  i n  any given 
channel,  as shown i n  F igure  23. 
The SPS i n j e c t o r  has  one ox id ize r  i n l e t  i n t o  to rus  
The 
b,  I n j e c t o r  Orif  ices 
I n  t h e  e a r l y  development of t h e  SPS engine a popping 
problem ex i s t ed .  
streams as they w e r e  i n j e c t e d  i n t o  t h e  chamber. This  problem w a s  solved by 
reducing t h e  L/D of t h e  o r i f i c e s  so t h a t  t h e  p rope l l an t  f low could not  a t t a c h  
t o  t h e  o r i f i c e  w a l l .  The primary disadvantage of t h i s  s o l u t i o n  w a s  t h a t  
d i r e c t i o n a l  stream c o n t r o l  w a s  s a c r i f i c e d  wi th  t h e  shortened L/D and t h i s  
could r e s u l t  i n  v a r i a t i o n s  i n  performance. 
The cause w a s  a t t r i b u t e d  t o  random f l i p p i n g  of t h e  ox id ize r  
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The r e s u l t s  of t h e  e l e m n t  tests demonstrated t h a t  
o r i f i c e s  wi th  contoured i n l e t s  w e r e  super ior  t o  those  wi th  sharp-edged i n l e t s  
because they gave cons i s t en t  f low p a t t e r n s  over a wide v a r i a t i o n  of flow con- 
d i t i o n s .  
i n j e c t o r  w a s  made r e l a t i v e l y  e a r l y  i n  t h e  program. 
Consequently, t h e  dec i s ion  t o  use t h i s  type  of o r i f i c e  i n  t h e  10s 
c. P a t t e r n  
Once t h e  b a s i c  design approach w a s  s e l ec t ed ,  i .e.,  type 
of manifold and o r i f i c e ,  t h e  next s t e p  w a s  p a t t e r n  s e l e c t i o n .  A s  previously 
mentioned t h e  o r i g i n a l  i n t e n t  w a s  t o  use  t h e  same p a t t e r n  as t h a t  of t h e  SPS. 
The philosophy underlying t h i s  approach w a s  t h a t  s i n c e  only t h e  i n j e c t o r  
hydraul ics  were changed, t he  r e s u l t i n g  performance d i f f e r e n t i a l  could be  
r e a d i l y  a sce r t a ined  wi th  no s i d e  e f f e c t s  t o  cloud t h e  r e s u l t s .  
A second eva lua t ion  of t h i s  philosophy proved t h a t  i t  w a s  
impossible t o  maintain t h i s  approach f o r  t h e  following reasons:  
(1) A mandatory type change i n  mixture r a t i o  d i s t r i -  
bu t ion  should be incorporated i n  any new design s i n c e  t h e  SPS i n j e c t o r  had a 
d i s t r i b u t i o n  which was  not  optimum. 
(2) The angle  a t  which t h e  SPS i n j e c t o r  o r i f i c e s  w e r e  
d r i l l e d  would r e q u i r e  a complete redesign of t h e  p rope l l an t  manifolds t o  
provide access f o r  d r i l l i n g  from t h e  backside.  
The above changes would n e c e s s a r i l y  have t o  be incorporated 
i n  t h e  10s design;  consequently,  i t  would be  impossible t o  make a simple com- 
par i son  of performance and a s c r i b e  any change t o  only one of t h e  v a r i a b l e s .  
Since t h i s  w a s  t h e  case, t h e  dec i s ion  t o  opt imize t h e  doublet  i n j e c t o r  p a t t e r n  
keeping t h e  e s t ab l i shed  manifold design w a s  a l o g i c a l  one. 
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d.  Hydraulics 
The end o b j e c t i v e  of t h e  hydraul ic  a n a l y s i s  w a s  t o  s i z e  
t h e  i n j e c t o r  o r i f i c e s  so t h a t  t h e  des i r ed  p rope l l an t  flow rates and mass 
d i s t r i b u t i o n  were a t t a i n e d  wi th in  t h e  o v e r a l l  engine p re s su re  budget. 
The des i r ed  c h a r a c t e r i s t i c s  were: 
Weight Flow Rate 63.0 l b / s e c  
Mixture Rat io  (ove ra l l )  1 .6  
Fuel  Film Coolant 5% 
Mixture Ra t io  
(Average Ef fec t ive )  1.684 
Mass D i s t r i b u t i o n  See Figure  24 
The f i r s t  s t e p  i n  t h e  hydraul ic  a n a l y s i s  w a s  t o  a l l o c a t e  
a reasonable  p re s su re  drop t o  each of t h e  c i r c u i t s  on t h e  i n j e c t o r .  
p ressure  budget w a s  almost i d e n t i c a l  t o  t h a t  of t h e  SPS i n j e c t o r  except t h a t  
a higher  p re s su re  drop i n  t h e  f u e l  c i r c u i t  w a s  provided. 
pressure  budget w a s :  
This  
The r e s u l t i n g  
Ox i d  i z  er 
I n t e r f a c e ,  p s i a  160 
Balancing O r i f i c e ,  p s i  9 .1  
P rope l l an t  Line,  p s i  5.7 
Screen, p s i  2.1 
T r i m  O r i f i c e ,  p s i  0.5 
P rope l l an t  Valve, p s i  2.9 
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A t  t h i s  t i m e  some cons idera t ion  w a s  given t o  ad jus t ing  
t h e  pressure  budget s o  as t o  a t t a i n  t h e  optimum uniformity c r i t e r i a  of 1.0 
as suggested by Reference 8. 
of using a l l  a v a i l a b l e  pressure  drop ac ross  t h e  o r i f i c e s  because t h e  r a t i o  
w a s  very c l o s e  t o  1 .0  (1.166 maximum excursion) .  
However, t h i s  a l t e r n a t i v e  was  r e j e c t e d  i n  favor  
The next  s t e p  i n  t h e  a n a l y s i s  w a s  t o  determine t h e  
a v a i l a b l e  p re s su re  drop ac ross  t h e  o r i f i c e s  i n  each of t h e  channels. 
va lues  were obtained by summing t h e  ind iv idua l  p re s su re  drops along t h e  va r ious  
flow paths  and sub t r ac t ing  t h i s  from t h e  i n j e c t o r  i n l e t  p ressure .  
These 
Once t h e  p re s su re  d i f f e r e n t i a l s  were determined i t  w a s  
necessary t o  d e f i n e  va lues  f o r  C 
contoured i n l e t s .  The C d t s  of t hese  o r i f i c e s  were determined from Phase I 
r e s u l t s  wi th  a d d i t i o n a l  f r i c t i o n  l o s s  co r rec t ions  f o r  v a r i a t i o n  i n  o r i f i c e  
L/D's. The e f f e c t  of channel c ros s  v e l o c i t y  w a s  a l s o  considered,  but  w a s  
found t o  be  n e g l i g i b l e  (+ - 0.3%). 
A l l  o r i f i c e s  i n  t h e  10s i n j e c t o r  have d e  
The f i n a l  v a r i a b l e  w a s  temperature.  Propel lan t  tempera- 
t u r e s  wi th in  t h e  i n j e c t o r  were determined and p rope l l an t  d e n s i t i e s  were adjus ted  
accordingly.  The r e s u l t s  of t h e  s i z i n g  c a l c u l a t i o n s  which inc lude  t h e  p re s su re  
d i f f e r e n t i a l s ,  d i scharge  c o e f f i c i e n t s ,  and p rope l l an t  d e n s i t i e s  descr ibed above 
are l i s t e d  i n  Figure 25. The o r i f i c e  diameters  i n  t h i s  t a b l e  are those  of t h e  
d r i l l  s i z e s  c l o s e s t  t o  t h e  b a s i c  c a l c u l a t i o n s .  
e. Performance and Compatibi l i ty  
The b a s i c  program o b j e c t i v e  was  t o  improve t h e  performance 
of t h e  e x i s t i n g  Apollo i n j e c t o r .  
r ev i s ions  were :  
Ground r u l e s  followed f o r  i n j e c t o r  p a t t e r n  
(1) t h e  i n j e c t o r  p a t t e r n  would have an even mixture  r a t i o  
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d i s t r i b u t i o n ,  (2) t h e  row of double ts  near  t h e  chamber w a l l  would remain r a d i a l  
i n  t h e  i n t e r e s t  of compa t ib i l i t y ,  (3) t h e  minimum acceptab le  spray f a n  overlap 
f o r  t h e  i n j e c t o r  would b e  on t h e  order  of 50%, ( 4 )  compat ib i l i ty  and s t a b i l i t y  
w e r e  not  t o  be s i g n i f i c a n t l y  degraded, and (5) t h e  f i l m  coolant  would be 
r e t a ined  a t  5% of t h e  t o t a l  f u e l  flow. 
A p a t t e r n  w a s  developed (Figure 2 6 )  t o  m e e t  t h e s e  requi re -  
ments i n  a l l  r e s p e c t s ,  
mixture  r a t i o  d i s t r i b u t i o n  a c r o s s  t h e  i n j e c t o r  f ace .  
t he  t o t a l  i n j e c t o r  has 45% spray overlap.  
over t h e  SPS conf igura t ion  w a s  4 sec  of I 
overlap and increased vapor i za t ion  and 2 sec from more uniform mixture r a t i o  
d i s t r i b u t i o n .  This  p a t t e r n  incorpora tes  can t  angles  (measured from a r a d i a l  
l i n e )  of 60 degrees f o r  t h e  major i ty  of t h e  elements,  
It c o n s i s t s  of 955 elements and provides  a uniform 
With a l l  rows con t r ibu t ing ,  
The performance inc rease  expected 
cons i s t ing  of 2 sec  from spray f an  
S 
(1) Spray Fan Overlap Model 
The spray f an  overlap model used on t h e  10s design 
had been proved on s e v e r a l  o the r  i n j e c t o r  programs p r i o r  t o  t h i s  program. 
F i r s t ,  t h e  mass flow w a s  determined f o r  each element as a func t ion  of i n j e c t o r  
hydraul ic  resistance. 
va lue  on t h e  b a s i s  of i t s  percent  of t h e  t o t a l  mass flow t i m e s  t h e  t o t a l  i n j e c t o r  
area. 
t i on .  
spray area i n t o  oxid izer - r ich  and fue l - r i ch  zones. 
t i m e  u n t i l  s u f f i c i e n t  amounts of  t h e  p rope l l an t  vaporize,  d r o p l e t s  from one 
spray p a t t e r n  have t i m e  t o  intermix wi th  d r o p l e t s  from adjacent  p a t t e r n s .  
This  intermixing of elements i s  represented  by spray overlap p a t t e r n s .  
percentage of t h e  fue l - r i ch  zones t h a t  are overlapped by oxid izer - r ich  zones 
is  designated t h e  spray overlap.  
Next, t h e  spray area of each element w a s  ass igned a 
The c h a r a c t e r i s t i c  spray shape w a s  determined by t h e  element configura- 
The mixture  r a t i o  wi th in  t h e  spray w a s  then denoted by d iv id ing  t h e  
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I n  t h e  f i r s t  a t tempt  t o  apply t h e  model t o  t h e  10s 
i n j e c t o r ,  t h e  b a s i c  SPS p a t t e r n  w a s  modified t o  provide an  even mixture r a t i o  
d i s t r i b u t i o n  and analyzed t o  determine t h e  amount of spray f a n  overlap.  
quan t i ty  of spray f a n  over lap  which r e s u l t e d  w a s  approximately 10 t o  20%. 
To inc rease  t h e  amount of overlap t h e  spacing between ad jacent  elements had 
t o  be  decreased. 
t h e  elements t o  inc rease  t h e  amount of spray overlap between ad jacent  elements,  
l a r g e  voids  were c rea t ed  near t h e  b a f f l e s .  
per  row w a s  increased t o  reduce t h e  s i z e  of t h e  vo ids ,  thus  br inging  t h e  t o t a l  
number of elements t o  955 compared t o  575 on t h e  SPS p a t t e r n .  The r e s u l t a n t  
10s spray f a n  p a t t e r n  has  a spray overlap va lue  of 45%. 
The 
By decreasing inter-element spacing i n  a row and by cant ing  
Therefore  t h e  number of elements 
Because of t h e  requirement f o r  a d d i t i o n a l  elements 
i n  t h e  proposed 10s i n j e c t o r  p a t t e r n ,  a s t a b i l i t y  a n a l y s i s  w a s  performed. 
a n a l y s i s  ind ica ted  t h a t  t h e  p a t t e r n  i s  less s t a b l e  because of t h e  smaller 
o r i f i c e  s i z e s .  
w a s  incorporated i n t o  t h e  des ign  t o  compensate f o r  t h e  small o r i f i c e s  s i z e s .  
The 
However, a humped m a s s  r e d i s t r i b u t i o n  ac ross  t h e  i n j e c t o r  f a c e  
(2) Compatibi l i ty  P red ic t ion  
The method employed f o r  determining t h e  compa t ib i l i t y  
p o t e n t i a l  of t h e  i n j e c t o r  b a s i c a l l y  c o n s i s t s  of a l l o t t i n g  a stream tube  flow 
area t o  each i n j e c t o r  element on t h e  b a s i s  of i t s  energy release p o t e n t i a l ,  
and then determining g raph ica l ly  t h e  d i r e c t i o n  of movement of t h e  combustion 
gases  by minimizing t h e  i n t e r f e r e n c e  between t h e  stream tubes.  
fe rence  o r  overlap tends t o  create high p res su re  areas which cause c r o s s  winds 
as t h e  gases  flow from t h e  high pressure  areas t o  low p res su re  areas. 
This  i n t e r -  
For t h i s  s tudy t h e  energy release p o t e n t i a l  f o r  
each element w a s  charac te r ized  by t h e  product of t h e  p rope l l an t  flow rate and 
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t h e  r a t i o  of t h e  t h e o r e t i c a l  combustion temperature at  t h e  element 's  mixture  
r a t i o  t o  t h e  monopropellant combustion temperature of AeroZINE 50 a t  100 p s i a  
chamber pressure.  
of t h e  element design w a s  evaluated by determining t h e  d i r e c t i o n  of t h e  
r e s u l t a n t  momentum vec to r  of t h e  impinging p rope l l an t  streams. The l o c a t i o n  
of t h e  i n t e r s e c t i o n  w a s  then taken as t h e  po in t  of o r i g i n a t i o n  of t h e  energy 
release from t h e  element a t  an  a r b i t r a r y  su r face  loca ted  one inch  from t h e  
i n j e c t o r  f ace .  This  is est imated t o  be near t h e  po in t  where momentum f o r c e s  
of t h e  element e f f l u e n t  cease t o  be dominant over t h e  bulk gas  flow f o r c e s  
i n  t h e  chamber. 
I n  a d d i t i o n  t o  t h e  energy release cons idera t ion ,  t h e  e f f e c t  
A comparison of t h e  SPS and t h e  10s p a t t e r n s  showed 
t h a t  t h e  w a l l  compa t ib i l i t y  should be  improved f o r  t h e  IOS p a t t e r n .  
seen from t h e  l eng th  of t h e  vec to r s  connecting t h e  r e fe rence  plane t o  t h e  
f i n a l  re laxed p o s i t i o n s  one inch  downstream of t h e  i n j e c t o r  f o r  t h e  two rows 
nea res t  t h e  chamber w a l l .  However, t h e  d i r e c t i o n  and magnitude of t h e  vec to r s  
f o r  t h e  rest of t h e  i n j e c t o r  p a t t e r n  i n d i c a t e  more swere dynamic winds moving 
d i r e c t l y  toward t h e  b a f f l e s .  
SPS hea t  t r a n s f e r  a n a l y s i s  w a s  reviewed. 
t h a t  t h e  hea t  f l u x  s a f e t y  margin of t h e  b a f f l e s  w a s  s u f f i c i e n t  t o  prevent  
damage. I n  comparing t h e  dynamic f o r c e s  a t  a plane 5-in. downstream of t h e  
i n j e c t o r  wi th  t h e  f o r c e s  i n  t h e  1- in .  p lane  i t  w a s  found t h a t  t h e  gas  move- 
ment i s  much smaller than  i n  t h e  SPS p a t t e r n .  This  i m p l i e s  t h a t  t h e r e  is 
less p robab i l i t y  of e ros ion  caused by gas  dynamic f o r c e s  t o  t h e  chamber w a l l  
immediately downstream of t h e  b a f f l e s .  The d i r e c t i o n  and magnitude of t h e s e  
vec to r s  f o r  both i n j e c t o r s  are 5 i n .  downstream (Figure 27). It should be 
noted t h a t  t h i s  technique i s  q u a l i t a t i v e  and i s  based upon a comparison of 
i n j e c t o r s  wi th  known characteristics. 
d e f i n e  acceptab le  vec to r  lengths .  
This  i s  
To determine i f  t h e  b a f f l e s  w e r e  i n  danger, t h e  
From t h e  review it w a s  concluded 
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f .  S t a b i l i t y  
A s t a b i l i t y  a n a l y s i s  w a s  completed i n  which considera- 
t i o n  w a s  given t o  t h e  e f f e c t s  of o r i f i c e  s i z e ,  i n j e c t o r  f a c e  b a f f l e s ,  mass 
d i s t r i b u t i o n ,  contoured o r i f i c e s ,  canted elements, and i n j e c t o r  v e l o c i t y .  
Since a s i g n i f i c a n t  amount of d a t a  e x i s t s  from t h e  development of t h e  cu r ren t  
SPS i n j e c t o r ,  a high degree of confidence at tended t h e  p red ic t ion  of s t a b i l i t y  
f o r  t h e  10s design. 
(1) O r i f i c e  S ize  
The f i r s t  parameter of s i g n i f i c a n c e  was  t h a t  of 
o r i f i c e  s i z e .  
t h e  r e l a t i v e l y  small o r i f i c e  s i z e .  
t h a t  i n j e c t o r s  with small o r i f i c e  s i z e s  tend t o  be  more uns t ab le  than those  
with l a r g e  ones. 
The performance improvements w e r e  based t o  a g r e a t  ex ten t  on 
Experience a t  Aerojet  has  been genera l ly  
To make t h e  10s i n j e c t o r  as s t a b l e  as poss ib l e ,  i t  
w a s  necessary t o  f i n d  t h e  l i m i t i n g  o r i f i c e  s i z e  and number of elements f o r  an 
Apollo SPS i n j e c t o r ,  without a b a f f l e ,  which w a s  a t  least marginal ly  s t a b l e ,  
A review of test records  revealed t h a t  t h e r e  had been an i n j e c t o r  p a t t e r n  
designated POUL-21-1, which w a s  marginal ly  s t a b l e  without b a f f l e s .  
21-1 had 890 a c t i v e  elements,  and 200 fi lm-cooling elements,  
o r i f i c e  diameters  of 0.034 i n .  f o r  f u e l  and 0.042 i n .  f o r  ox id i ze r  were com- 
parable  t o  t h e  10s design.  
The POUL- 
The average 
(2) I n j e c t o r  Face Baf f l e s  
The POUL-21-1 i n j e c t o r  w a s  considered t h e  l i m i t i n g  
case  as f a r  as s t a b i l i t y  compromise is  concerned; t he re fo re ,  t h e  l i m i t i n g  
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e f f e c t i v e  o r i f i c e  s i z e  w a s  as s t a t e d  above. This level of s t a b i l i t y  w a s  then 
improved by adding t h e  prototype Apollo SPS b a f f l e s  s i n c e  test experience wi th  
this b a f f l e  conf igura t ion  proved it t o  b e  very  s a t i s f a c t o r y  when used i n  t h e  
POUL-41-26 i n j e c t i o n  pa t t e rn .  
5-4-4 b a f f l e  ind ica ted  t h a t  t h e r e  were two a c o u s t i c  modes t h a t  had r e l a t i v e l y  
low damping rates: one i s  t h e  f i r s t  r a d i a l  (1R) mode combined wi th  t h e  f i r s t  
axial (lLB) mode of t h e  hub b a f f l e  and t h e  o the r  is  t h e  f i r s t  r a d i a l  mode 
combined wi th  t h e  f i r s t  t a n g e n t i a l  (1R + 1T)  mode. 
were about 3300 and 4600 cps,  r e spec t ive ly .  
acous t i c  modes i n  t h e  design modif icat ions f o r  t h e  10s i n j e c t o r  as descr ibed 
below. 
Ambient a c o u s t i c  tests conducted using t h e  
Thei r  h o t - f i r e  f requencies  
Care w a s  taken t o  avoid these  two 
(3) Mass D i s t r i b u t i o n  
Mass i n j e c t i o n  d i s t r i b u t i o n  has  proved t o  be  a very  
powerful s t a b i l i t y  parameter by t h e  e l imina t ion  of active i n j e c t i o n  elements 
near t h e  chamber w a l l  and enlarging t h e  remaining o r i f i c e s  t o  create a stepped 
m a s s  i n j e c t i o n  d i s t r i b u t i o n .  
i n j e c t e d  a t  t h e  area of high a c o u s t i c  p re s su re  wi th in  t h e  chatnber, thereby 
reducing t h e  amount of a c o u s t i c  energy input  i n  phase wi th  any p res su re  
o s c i l l a t i o n .  The 10s mass d i s t r i b u t i o n  compared t o  t h e  SPS i s  shown i n  
Figure 24. 
This  method reduces t h e  quan t i ty  of p rope l l an t  
(4) Contoured Orif ice 
Another s t a b i l i t y  improvement f a c t o r  i s  t h e  e f f e c t  
of t h e  contoured o r i f i c e s  which w e r e  incorporated s p e c i f i c a l l y  t o  provide 
s t a b l e  flow. 
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(5) Canted Elements 
The e f f e c t  of t h e  canted double t  o r i f i c e  r e l a t i o n -  
sh ip  which produces t h e  overlap requi red  t o  improve performance is  twofold. 
F i r s t ,  i t  reduces t h e  amount of unmixed p rope l l an t  t h a t  would normally tend 
t o  exist between t h e  concent r ic  r i n g s  of elements, and second i t  makes t h e  
average d r o p l e t  s i z e  smaller because of t h e  double mixing process  which occurs  
because of t h e  overlapping wi th  neighboring i n j e c t i o n  elements. 
t h e  two e f f e c t s  is s t a b i l i z i n g  s i n c e  t h e  formerly unmixed p rope l l an t  repre-  
sented a p o t e n t i a l  source of energy f o r  a de tona t ion ,  o r  pop which, i n  t u r n ,  
could cause a combustion s t a b i l i t y .  
l i z i n g ,  s i n c e  i t  tends t o  make t h e  combustion process  s e n s i t i v e  t o  high 
frequency a c o u s t i c  modes which are r e l a t i v e l y  unaffected by t h e  b a f f l e s .  
The f i r s t  of 
The second e f f e c t  i s  somewhat des tab i -  
( 6 )  I n j e c t i o n  Velocity 
The e f f e c t  of increas ing  t h e  i n j e c t i o n  v e l o c i t y  of 
t h e  f u e l  from a nominal va lue  of 55 f p s  f o r  t h e  SPS i n j e c t o r  t o  a nominal va lue  
of 77 f p s  on t h e  proposed 10s i n j e c t o r  a l s o  has  two e f f e c t s .  
t o  s t a b i l i z e  t h e  i n j e c t e d  stream wi th  r e spec t  t o  t h e  t r ansve r se  winds i n  t h e  
chamber, and t h e  second tends t o  d e s t a b i l i z e  t h e  i n j e c t i o n  process  by t h e  
formation of smaller d r o p l e t s  which are s e n s i t i v e  t o  those  higher  acous t i c  
mode f requencies  which are compatible wi th  t h e  b a f f l e  cavities. 
The f i r s t  t ends  
6. Design of I n j e c t o r  
Once t h e  des ign  cri teria w a s  e s t ab l i shed ,  t h e  next  s t e p  w a s  
t o  t r a n s c r i b e  i t  i n t o  appropr i a t e  des ign  d i sc losu res .  
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The 10s engineer ing drawings are of two ca t egor i e s ,  both 
meeting t h e  requirements of Form 2 of MIL-D-1000. 
f i c a l l y  f o r  t h e  10s program are of a type  r e f e r r e d  t o  as Level 1. 
common t o  both t h e  10s and t h e  SPS program are Level 2. 
The drawings c rea t ed  speci-  
The drawings 
The primary d i f f e r e n c e  between t h e  two drawing levels l ies 
i n  t h e  number of s igna tu res  i n  t h e  t i t l e  block. I f  i t  should become d e s i r a b l e  
t o  put  t h e  10s i n j e c t o r  i n t o  f u l l  production i t  w i l l  be necessary t o  upgrade 
a l l  drawings t o  Level 2. 
mi t ted  t o  t h e  Aerojet-General Corporation Manufacturing, Engineering, Materials, 
and t h e  Stress Departments f o r  approval.  
design,  and method of  manufacture are very similar t o  those now employed on t h e  
SPS program it  would be  p o s s i b l e  t o  pu t  t h e  10s des ign  on a production b a s i s  
with a minimum of a d d i t i o n a l  e f f o r t .  
This  w i l l  r e q u i r e  t h a t  a l l  Level 1 drawings be  sub- 
I n  t h a t  t h e  materials, s t r u c t u r a l  
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B. PHASE I1 - FABRICATION AND TEST 
1. Fabr i ca t  i on  
a. General Philosophy 
The o b j e c t i v e  of t h e  10s f a b r i c a t i o n  e f f o r t  w a s  t o  b u i l d  
an optimized f l ight-weight  i n j e c t o r  according t o  t h e  cri teria developed i n  
Phase I of t h e  program. Also included i n  t h i s  t a s k  w a s  t h e  f a b r i c a t i o n  of two 
a b l a t i v e  combustion chambers t o  support  t h e  test f i r i n g s .  The b a s i c  g u i d e l i n e s  
of t he  f a b r i c a t i o n  e f f o r t  were: 
(1) U s e  of mainstream SPS f a b r i c a t i o n  techniques t o  t h e  
maximum p r a c t i c a b l e  ex ten t .  
(2)  Maximum use of materials and components a v a i l a b l e  
(3) 
( 4 )  
(5) 
from the  mainstream SPS program. 
O r i f i c e  entrances t o  be a c c e s s i b l e  f o r  f i n i s h i n g  
and in spec t  ion.  
No weld beads o r  p o s s i b i l i t y  of weld s p a t t e r  
adjacent  t o  any o r i f i c e  entrance.  
Flight-weight design f a b r i c a t i o n  t o  uncover p o s s i b l e  
f a b r i c a t i o n  problems and v e r i f y  f a b r i c a t i o n  techniques.  
The techniques employed t o  adhere t o  these  gu ide l ines  
are summarized i n  t h e  following paragraphs. 
b. Ablat ive Combustion Chambers 
Two a b l a t i v e  combustion chambers w e r e  f a b r i c a t e d  t o  t h e  
same configurat ion as t h e  SPS chambers, with c e r t a i n  NASA-approved s u b s t i t u t i o n s  
and d e l e t i o n s  f o r  optimum use of manpower and materials. 
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The forward f l ange  used on each of t h e  two chambers w a s  
made of Type 7079-T6 aluminum a l l o y  i n s t e a d  of t he  type 6061-T6 aluminum a l l o y  
s p e c i f i e d  f o r  SPS f l i g h t  engines.  These f l anges  w e r e  f a b r i c a t e d  on t h e  SPS 
program f o r  p o s s i b l e  R&D use and w e r e  su rp lus  t o  t h e i r  needs. Analysis 
i nd ica t ed  t h a t  they would meet a l l  10s program requirements,  including t h e  
appropr i a t e  s a f e t y  margins, and t h e i r  use provided savings i n  both l ead  t i m e  
and c o s t s .  
The a f t  f l ange  w a s  omitted from each of t h e  two chambers 
as superfluous t o  program needs because t h e  10s sea- level  t e s t i n g  d id  no t  
r e q u i r e  the  nozzle extension which a t t a c h e s  t o  the a f t  f lange.  
The gimbal mount r i n g  and engine j i g  attachment ho le s  
w e r e  a l s o  omitted from each of t h e  chambers as superf luous t o  t h e  requirements 
of t h e  10s test program. 
NASA approved f a b r i c a t i o n  of t h e  t h r u s t  chambers r e l a t i v e l y  
e a r l y  i n  t h e  program t o  take advantage of a v a i l a b l e  t ime-sensi t ive materials 
( s i l i ca  t ape ,  asbestos  tape,  g l a s s  c l o t h ,  g l a s s  roving, phenolic adhesive) 
which were near ing t h e i r  allowable s h e l f - l i f e  span. The a l t e r n a t i v e  would 
have been a l ead  t i m e  of approximately s i x  months, p l u s  t h e  added c o s t  of 
small-lot  procurement. The chambers were f a b r i c a t e d  on a non-interference 
b a s i s ,  and both w e r e  complete and i n  s t o r e s  as of 13 J u l y  1967, 
c. I n j e c t o r  
(1) Basic Configuration 
NASA approved d e l e t i o n  of va r ious  i n j e c t o r  components 
which were superf luous t o  t h e  10s t e s t i n g  requirements as follows: 
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(a) The p i t c h  b racke t  w a s  omitted as superf luous t o  
t h e  program needs because t h e  engine would n o t  be gimballed during test f i r i n g .  
(b) The r a d i a l  ho le s  i n  t h e  i n j e c t o r  f l ange  were 
omitted because t h e  s o l e  use of t h e s e  ho le s  is  f o r  t h r u s t  s t r u t  attachment. 
(2) Production Sequence 
The SPS production planning w a s  used wherever 
poss ib l e ;  however, t h e  requirement f o r  t h e  o r i f i c e  en t r ances  t o  be  a c c e s s i b l e  
f o r  contouring made a considerable  depa r tu re  necessary.  
was t h a t  t he  p a t t e r n  w a s  d r i l l e d  r e l a t i v e l y  e a r l y  i n  t h e  10s f a b r i c a t i o n  
sequence as compared t o  t h e  SPS. The 10s i n j e c t o r  being f a b r i c a t e d  i s  shown 
i n  Figure 28. 
The primary depa r tu re  
Figure 29 shows t h e  10s f a b r i c a t i o n  r e l a t i o n s h i p s  
and a l s o  no te s  those subcomponents which were common t o  both t h e  SPS and 10s 
design. Figure 30 compares t h e  sequence of f a b r i c a t i o n  ope ra t ion  f o r  t he  two 
designs s o  as t o  provide a comparison of t h e i r  relative complexities.  
Figure 31 i s  a t a b u l a t i o n  of t h e  manufacturing and in spec t ion  manhour require-  
ments t o  accomplish each s t e p  i n  t h e  f a b r i c a t i o n .  
power requirements shows t h a t  t h e  10s i n j e c t o r  r e q u i r e s  16.5% more manhours 
t o  complete than t h e  SPS. Figure 32 i s  a p i c t o r i a l  r e p r e s e n t a t i o n  of t h e  
10s f a b r i c a t i o n  sequence l i s t e d  i n  Figure 30. 
A comparison with SPS man- 
(3) Technique 
N o  unique f a b r i c a t i o n  techniques were employed on 
t h e  10s i n j e c t o r  and there were no outs tanding problems i n  planning t h e  f a b r i -  
c a t i o n  methods. The comparative ease with which these  ope ra t ions  were 
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accomplished was due t o  t h e  background experience a v a i l a b l e  from t h e  SPS 
i n j e c t o r .  Two a l t e r n a t i v e  methods of machining t h e  i n j e c t o r  o r i f i c e s  were 
considered. One method, which w a s  p r e f e r a b l e  from the  s tandpoint  of f ab r i ca -  
t i o n  t i m e ,  could have accomplished both d r i l l i n g  and contouring i n  one operat ion.  
Each of t h e  d r i l l  b i t s  would have been f a b r i c a t e d  with an i n t r e g a l  contour 
t o o l .  D r i l l i n g  would have been accomplished from t h e  manifold s i d e  thereby 
e l imina t ing  any t r a n s i t i o n  o r  s t e p  between t h e  contour and t h e  bore of t h e  
o r i f i c e .  The above technique w a s  no t  employed because of t h e  ove r r id ing  
disadvantage t h a t  any d r i l l  wander would r e s u l t  i n  p r o p e l l a n t  stream m i s -  
impingement. Consequently, a l l  o r i f i c e s  were d r i l l e d  from the  f a c e  s i d e  and 
then contoured from t h e  backside.  
'was maintained by a p i l o t  .001 in .undersize on the  diameter.  
shows t h e  s t e p s  accomplished i n  d r i l l i n g  and contouring each o r i f i c e .  
Concentr ic i ty  between the  bore and contours 
Figure 33 
( 4 )  Problems 
A s i g n i f i c a n t  delay i n  f a b r i c a t i o n  w a s  caused by a 
malfunction of t h e  e l e c t r o n  beam welding machine while  f u e l  manifold covers were 
being welded. The welding machine i s  shown i n  Figures  34 and 35. Deposit ion 
of vaporized metal shorted out t h e  f i lament  with t h e  cathode e l e c t r o d e  of t h e  
welding gun, r e s u l t i n g  i n  a l o s s  of b i a s  vo l t age  and uncontrol led e l e c t r o n  
flow. This caused damage i n  t h r e e  areas: 
(a) A m e l t  through the  channel w a l l  and i n t o  t h e  
i n j e c t o r  f a c e  on t h e  OD of channel 9 approximately 2.5 inches long,  obscuring 
n ine  o r i f i c e s  on the  f a c e  s i d e  as shown i n  Figures  36 and 37. Repair w a s  made 
by removing t h e  channel 9 f u e l  cover r i n g ,  f a b r i c a t i n g  a replacement, bu i ld ing  
up t h e  damaged por t ion  of t h e  i n j e c t o r  by TIG-welding, remachining t o  B/P 
dimensions, and r e - d r i l l i n g  and contouring t h e  damaged o r i f i c e s .  
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(b) A hole  approximately 0.200-in. by 0.150-in. 
i n  t he  OD of channel 13  cover weld as shown i n  Figures  38 and 39 caused by 
high vol tage  discharge.  
by TIG-weld. 
The r e p a i r  w a s  made by l o c a l l y  gr inding ,  then f i l l i n g  
(c) Weld s p a t t e r  i n  the  form of s m a l l  nodules 
(up t o  0.030-in. diameter) deposi ted i n  channel 15, caused by molten metal 
being propel led away from t h e  j o i n t  w i th in  t h e  channel. 
t h e  j o i n t  design would be modified t o  inc rease  the  th ickness  of t he  r e g i s t e r i n g  
land. 
On f u t u r e  production 
Extensive back-flushing and screening were done t o  
remove any loose material and assure  t h a t  no nodules would become loose and 
poss ib ly  block an o r i f i c e .  
The ne t  r e s u l t  of t h i s  acc ident  w a s  a schedule 
s l ippage  of approximately 2-1/2 weeks. 
2. T e s t  Techniques 
The philosophy f o r  t e s t i n g  t h e  10s i n j e c t o r  w a s  similar t o  
the  design philosophy i n  t h a t  t h e  type of tests and the  t e s t i n g  techniques 
were i d e n t i c a l  t o  those of t h e  SPS whenever poss ib le .  There were two types 
of tests: Cold flow which included both s t r u c t u r a l  and flow tests, and hot  
f i r i n g  which cons is ted  of a performance series with a steel combustion chamber 
and one compat ib i l i ty  duty cyc le  wi th  an a b l a t i v e  combustion chamber. 
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a. Cold Flow 
(1) Proof and l e a k  tests were conducted t o  s u b s t a n t i a t e  
t h e  s t r u c t u r a l  adequacy of t h e  i n j e c t o r .  Proof-pressure t e s t i n g  w a s  conducted 
by flowing both c i r c u i t s  s e p a r a t e l y  as w e l l  as simultaneously with a manifold 
i n l e t  p re s su re  of 365 5 5 p s i g  and a chamber p re s su re  of 285 2 5 p s i g  f o r  a 
per iod of 10 minutes. These p re s su res  were derived by mul t ip ly ing  the  maximum 
expected i n - f l i g h t  t r a n s i e n t  p re s su res  by a s a f e t y  f a c t o r  of 1.5. Leak tests 
of t he  f i n a l  assembly as w e l l  as c r i t i ca l  subassemblies were conducted e i t h e r  
by submerging t h e  p re s su r i zed  component i n  water o r  by t h e  a p p l i c a t i o n  of soap 
s o l u t i o n .  I n  e i t h e r  i n s t ance  t h e  absence of bubbles f o r  a per iod of a t  least 
10 minutes w a s  t he  acceptance c r i t e r i o n .  
(2) Flow tests w e r e  conducted t o  determine t h e  hydrau l i c  
c h a r a c t e r i s t i c s  of the i n j e c t o r .  I n  gene ra l  t h e  a c t u a l  r e s u l t s  compared 
c l o s e l y  with p red ic t ed  values .  Of p a r t i c u l a r  i n t e r e s t  w e r e  t h e  o r i f i c e  flow 
c h a r a c t e r i s t i c s .  Although it w a s  no t  p o s s i b l e  t o  determine t h e  C f o r  i n d i v i d u a l  d 
o r i f i c e s  i t  w a s  p o s s i b l e  t o  compare average va lues .  Using t h e  a c t u a l  o r i f i c e  
p re s su re  drops and t h e  o r i f i c e  areas s p e c i f i e d  on t h e  engineering drawings as 
a b a s i s  f o r  t h e  c a l c u l a t i o n s ,  it w a s  found t h a t  t h e  average C 's agreed with t h e  
average of those used i n  t h e  design c a l c u l a t i o n s  wi th in  1% i n  both t h e  f u e l  and 
ox id ize r  c i r c u i t s .  This c l o s e  c o r r e l a t i o n  tends t o  s u b s t a n t i a t e  t h e  v a l i d i t y  
of decreasing t h e  design C 
amount p ropor t iona l  t o  t h e  f r i c t i o n a l  p re s su re  loss as defined by t h e  s tandard 
term hL = f 7 
design c a l c u l a t i o n s .  
d 
f o r  each o r i f i c e  with a L/D g r e a t e r  than 3 by an d 
. It w i l l  be r e c a l l e d  t h a t  t h i s  technique w a s  used i n  t h e  1 v2 -
2g 
Other areas i n  which c l o s e  agreement with p red ic t ed  
and a c t u a l  va lues  w a s  obtained w e r e  f u e l  b a f f l e  drop, 11 p s i  p red ic t ed  and 8 p s i  
a c t u a l ,  and drop ac ross  the o x i d i z e r  channel cover p l a t e s  of 1 p s i .  
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The one area i n  which a c t u a l  p re s su re  drops v a r i e d  
considerably from those p red ic t ed  w a s  between t h e  o x i d i z e r  i n l e t  and t h e  o u t e r  
ox id i ze r  manifold. 
g r e a t e r  than expected. An eva lua t ion  of t h i s  condi t ion l e d  t o  t h e  conclusion 
t h a t  t he  drop w a s  caused by t h e  reduct ion i n  flow area a t  t h e  header i n l e t  due 
t o  the i n s t a l l a t i o n  of t h e  o x i d i z e r  channel cover p l a t e s .  The reason t h a t  t h e  
p l a t e s  d i d  n o t  e x e r t  t h e  same in f luence  on t h e  i n n e r  t o r u s  w a s  t h a t  t h e  d i r e c t i o n  
of flow w a s  obl ique r a t h e r  than perpendicular  t o  t h e  p l a t e s .  This drop meant 
t h a t  t o  o b t a i n  t h e  des i r ed  flow rates, t h e  o v e r a l l  p re s su re  drop from o x i d i z e r  
i n l e t  t o  P had t o  be higher  (approximately 6 p s i )  and t h a t  t h e  p re s su res  i n  
t h e  ou te r  and inne r  manifolds would be  d i f f e r e n t  by 9 p s i  r a t h e r  than t h e  
same. This p re s su re  d i f f e r e n t i a l  of course r e s u l t e d  i n  a h ighe r  mixture r a t i o  
(1.802) i n  those elements suppl ied by the  inne r  manifold t o r u s  and a lower 
MR (1.635) f o r  those elements suppl ied by t h e  o u t e r  manifold. The performance 
l o s s  due t o  t h i s  mixture r a t i o  excursion from t h e  design value of 1.684 w a s  
ca l cu la t ed  as 0.24 sec of I . 
The drop between t h e s e  s t a t i o n s  w a s  approximately 9 p s i  
C 
S 
The o t h e r  flow t e s t i n g  w a s  t h e  b a s i c  p a t t e r n  check 
f o r  t h e  purpose of a s su r ing  t h a t  a l l  o r i f i c e s  w e r e  flowing f u l l .  
b.  Hot F i r e  
The hot  f i r i n g  test p l an  w a s  t o  accomplish t h r e e  o b j e c t i v e s .  
The f i r s t  tests were t o  demonstrate performance i n  a s tee l  combustion chamber 
coated with an a b l a t i v e  material t o  g ive  an e a r l y  i n d i c a t i o n  of compa t ib i l i t y .  
Following t h e s e  tests two a d d i t i o n a l  tests i n  t h e  steel  combustion chamber 
were scheduled t o  eva lua te  t h e  s t a b i l i t y  of t h e  i n j e c t o r .  
cyc le s  were o r i g i n a l l y  scheduled i n  a b l a t i v e  combustion chambers. 
duty cycle  of 750 seconds du ra t ion  w a s  a t y p i c a l  mission duty cyc le  a t  nominal 
condi t ions,  while  t h e  second a b l a t i v e  test series w a s  t o  have i n v e s t i g a t e d  
F i n a l l y ,  two duty 
The f i r s t  
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p e r i p h e r a l  condi t ions.  Both t h e  i n j e c t o r  and t h e  steel combustion chamber 
incorporated a l a r g e  number of bosses  t o  permit ex tens ive  instrumentat ion.  
Figure 40 shows t h e  l o c a t i o n  of t h e  i n j e c t o r  instrumentat ion and Figure 4 1 ,  
t h e  combustion chamber instrumentat ion.  Figure 42 d e f i n e s  the  type and 
accuracy of a l l  t h e  instrumentat ion used t o  monitor t h e  va r ious  test parameters.  
I 
The r e s u l t s  of t h e  h o t  f i r i n g  test series are discussed 
i n  d e t a i l  i n  Sect ion I I I , B , 3  below. 
t h e  performance va lues  are discussed i n  t h e  following paragraphs.  
The philosophy and method of de r iv ing  
c. Performance Ca lcu la t ions  
The method of performance p r e d i c t i o n  was of extreme 
importance t o  the  10s program because tests w e r e  n o t  conducted under simulated 
a l t i t u d e  cond i t ions ,  The technique used was i d e n t i c a l  t o  t h a t  used on the  SPS 
program which involves  t h e  following b a s i c  s t e p s  t o  p r e d i c t  engine performance 
a t  a l t i t u d e :  
(1) The sea level s p e c i f i c  impulse is  c a l c u l a t e d  using 
measured values  of t h r u s t  and p r o p e l l a n t  weight flow. 
( 2 )  The sea level s p e c i f i c  impulse is then co r rec t ed  t o  
vacuum s p e c i f i c  impulse by adding t h e  t h r u s t  reduct ion r e s u l t i n g  from t h e  
atmospheric p re s su re  a c t i n g  on t h e  ex i t  plane.  
(3) The s p e c i f i c  impulse co r rec t ed  t o  vacuum i s  then 
corrected t o  an expansion r a t i o  of 1.5 by mult iplying t h e  vacuum s p e c i f i c  
impulse by t h e  r a t i o  of t h e  t h r u s t  c o e f f i c i e n t  f o r  an expansion r a t i o  of 1.5 
divided by t h e  t h r u s t  c o e f f i c i e n t  f o r  t he  a c t u a l  expansion r a t i o  of t h e  
combustion chamber used i n  t h e  test. 
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( 4 )  This value of s p e c i f i c  impulse is then co r rec t ed  
t o  nominal condi t ions of MR = 1.60, P = 97 p s i a ,  and p r o p e l l a n t  temperature 
of 70°F by r e f e r r i n g  t o  curves contained i n  Reference 9 which d e f i n e  t h e  
e f f e c t  of t h e s e  parameters on s p e c i f i c  impulse. The curves contained i n  
Reference 9 w e r e  p l o t t e d  from t h e  r e s u l t s  of a m u l t i p l e  covariance a n a l y s i s  
which i n  t u r n  w a s  based upon an ex tens ive  series of test f i r i n g s  designed 
s p e c i f i c a l l y  f o r  t h a t  purpose. 
C 
(5) The f i n a l  s t e p  w a s ,  of course,  t o  p r e d i c t  perfor-  
mance a t  t h e  expansion r a t i o  of 62.5: l .  This w a s  accomplished by mult iplying 
t h e  corrected s p e c i f i c  impulse by a cons t an t .  In  the  case of t h e  10s i n j e c t o r  
a constant  o r  e x t r a p o l a t i o n  K f a c t o r  of 1 . 3 7 2  w a s  s e l e c t e d  p r i o r  t o  t e s t i n g .  
This va lue  is  t h e  average of t h e  r a t i o s  of t h e  test s p e c i f i c  impulse as obtained 
from the  simulated a l t i t u d e  tests a t  AEDC a t  an expansion r a t i o  of 62.5: l  t o  
t he  s p e c i f i c  impulse a t  1.5:1 f o r  an i n j e c t o r  having a similar mixture r a t i o  
d i s t r i b u t i o n .  
very s a t i s f a c t o r y  f o r  p r e d i c t i n g  a l t i t u d e  performance f o r  i n j e c t o r s  of t he  
same p a t t e r n ;  however, t h e r e  i s  a v a r i a t i o n  between d i f f e r e n t  p a t t e r n s .  (The 
v a r i a t i o n  i n  K f a c t o r s  f o r  t h e  t h r e e  p a t t e r n s  t e s t e d  i n  t h e  Block I1 SPS 
program amounted t o  approximately 3 % . )  
This method of performance p r e d i c t i o n  has been found t o  be 
To minimize t h i s  e f f e c t  t he  f a c t o r  s e l e c t e d  
f o r  t he  10s i n j e c t o r  is t h e  same as t h e  SPS Mod I1 i n j e c t o r .  This i n j e c t o r  had 
a mixture r a t i o  d i s t r i b u t i o n  similar t o  t h a t  of t h e  10s i n j e c t o r  and t h e r e f o r e  
should be t h e  most app l i cab le  f o r  making 10s p r e d i c t i o n s .  While the  techniques 
as descr ibed above are probably accu ra t e  t o  5 1.5% i t  must be recognized t h a t  
t h e  only p r e c i s e  method of determining the  10s a l t i t u d e  performance w i l l  be 
t o  test i t  a t  a simulated a l t i t u d e .  The performance obtained as a r e s u l t  of 
t h e  tests as c a l c u l a t e d  by va r ious  techniques is descr ibed i n  t h e  following 
sec t ion .  
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3. T e s t  Resu l t s  
a. Performance 
Performance, compa t ib i l i t y ,  and s t a b i l i t y  d a t a  f o r  
t h e  10s i n j e c t o r  w e r e  obtained from twelve test f i r i n g s  using a steel 
chamber, c u t  o f f  a t  an expansion r a t i o  of 1.5, and workhorse Jamesbury 
b a l l  valves. The test f i r i n g s  were performed a t  Sacramento under sea-level 
condi t ions on T e s t  Stand C-3. Data were obtained a t  mixture r a t i o s  ranging 
from 1.5 t o  1.8 and chamber p re s su res  from 71 t o  108 p s i a .  P r o p e l l a n t s  w e r e  
a t  ambient temperature,  and t h e  t h r e e  tests o r i g i n a l l y  planned a t  120°F being 
postponed i n  f avor  of t h e  s t a b i l i t y  tests. A summary of t h e  test f i r i n g s  i s  
presented i n  Figure 43.  
Figure 44.  
I n j e c t o r  SN 135 f i n a l  test d a t a  i s  presented i n  
The steel combustion chamber used f o r  t h e  tests, 
PN 1122987-1, SN 001, had been spray-coated with 0.050-in. of 93-027 s i l i c o n e  
a b l a t i v e  material. The l i n e r  thinned t o  about 0.025-in. a t  t h e  t h r o a t .  The 
absence of any pronounced s t r e a k i n g  i n  t h i s  s e n s i t i v e  material tended t o  
v e r i f y  t h e  compa t ib i l i t y  p red ic t ed  f o r  t h e  design,  though t h e  evidence i s  
admittedly l i m i t e d  by l a c k  of d a t a  on an a b l a t i v e  chamber. 
High performance w a s  exh ib i t ed  on each of t h e  tests. 
S p e c i f i c  impulse f o r  nominal test cond i t ions  w a s  319 2 2 sec, depending on 
t h e  conversion f a c t o r  used i n  de r iv ing  t h e  c o r r e c t i o n  t o  vacuum condi t ions 
f o r  an expansion r a t i o  of 62.5. With t h e  f a c t o r  1.372 discussed above 
i n  Sect ion I I I y B , 2 , c  as being most appropr i a t e  f o r  t h e  10s i n j e c t o r  (because 
of i t s  s i m i l a r i t y  t o  t h e  SPS Mod I1 i n j e c t o r  i n  terms of mixture r a t i o  
d i s t r i b u t i o n ,  t h e  h ighe r  performance can b e  deduced. 
of 1.3545 p r e s e n t l y  app l i cab le  t o  t h e  production i n j e c t o r ,  the lower value 
r e s u l t s .  
With t h e  Mod I V  f a c t o r  
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Figures  45, 46, 47 and 48 are t h e  osc i l l og raph  records 
f o r  Tests 001 a t  nominal ope ra t ing  cond i t ions ,  006 low chamber p re s su re ,  
008 c e n t e r  p u l s e  charge, and 009 s i d e  p u l s e  charge. 
b. Compatibil i ty 
Examination of t h e  10s i n j e c t o r  b a f f l e s ,  f a c e  p l a t e  and 
chamber w a l l  condi t ion i n d i c a t e s  e x c e l l e n t  compa t ib i l i t y  p o t e n t i a l .  P o s t f i r e  
photos of t h e  chamber a f t e r  T e s t  001 and t h e  i n j e c t o r  a f t e r  Test 012 are 
shown i n  Figures  49 and 50, r e spec t ive ly .  
De ta i l ed  examination of t he  combustion chamber w a l l  
c h a r a c t e r i s t i c s ,  Figure 4 9 ,  i n d i c a t e s  s i m i l a r  compa t ib i l i t y  condi t ions t o  t h e  
Mod IV design wi th  a g r e a t e r  washing of t h e  coat ing than Mod IV t e s t i n g .  This 
c h a r a c t e r i s t i c  can be  considered a r e s u l t  of t he  h ighe r  performance of t h e  
10s p a t t e r n .  The heavy removal of coat ing j u s t  counterclockwise from t h e  
i n j e c t o r  b a f f l e s  i s  be l i eved  a r e s u l t  of dynamic p res su res  caused by the  
doublets  immediately ad jacen t  t o  t h e  b a f f l e s .  
observed during hydro te s t ,  forming a t  t h e  b a f f l e  t i p  and angled i n  a counter- 
clockwise manner, This i s  be l i eved  t h e  cause of t h e  p o s t t e s t  condi t ion of t h e  
coat ing immediately downstream of t h e  b a f f l e .  
Spray s h e e t s  have been previously 
c. Combustion S t a b i l i t y  
The combustion s t a b i l i t y  eva lua t ion  of t h e  10s i n j e c t o r  
has  been made p r imar i ly  f o r  t h e  T e s t  S e r i e s  1127-Dol-OJ-001 through -012. I n  
t h i s  r e l a t i v e l y  s h o r t  number of tests, a s i g n i f i c a n t  amount of combustion 
s t a b i l i t y  information has been obtained.  The s t a b i l i t y  information relates 
t o  low-frequency o s c i l l a t i o n s  o r  chugging, intermediate-frequency o s c i l l a t i o n s ,  
high-frequency a c o u s t i c  modes, and spontaneous chamber p re s su re  pe r tu rba t ions .  
The information obtained relative t o  each of t h e s e  areas i s  as follows: 
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(1) Low-frequency Oscillation 
The low-frequency (less than 100 cps) or chugging 
mode of instability is not a problem. 
(2) Intermediate-frequency Oscillation 
The intermediate-frequency (100 to 1000 cps) 
oscillations, which used to be present during the early Apollo SPS testing 
in the 400 to 700 cps range, was experienced for the first time in 10s test- 
ing during the start transient and throughout the low chamber pressure test 
(-006, see Figure 46)  at 850 cps. The 850 cps frequency is predominant; 
however, there is also some 1250 cps oscillation present. These frequencies 
correspond approximately to the first longitudinal and the first tangential 
acoustic modes of the baffled 10s combustion chamber, respectively. These 
two modes appear to be driven by the total time lag of the combustion process, 
as opposed to the sensitive time lag of the combustion which drives the 
acoustic modes of baffle pockets at about 3000 cps and above. 
The addition of an extra oxidizer manifolding tube 
(Figure 51) in tests 010, 011, and 012 which was intended to reduce an 
unusually large pressure drop between the inner and outer manifolds, previously 
discussed in Section III,B,2,a, resulted in a significant increase in the 
tendency towards intermediate-frequency instability. In fact, test numbers 
-010 and -011 at nominal chamber pressure (98 psia), and Test -012 at the 
low chamber pressure (73  psia) were all unstable in the intermediate frequency 
regime. The nominal pressure tests (-010 and -011) shifted from intermediate 
to high-frequency (5000 to 7000 cps) instabilities at about FS1 + 2.8 
- I-.05 sec., whereas the low pressure test (012) remained unstable at the 
intermediate frequency throughout the test. 
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These t h r e e  i n s t a b i l i t i e s  (Tests -010 through 
-012) are thought t o  be  caused by t h e  presence of gas  bubbles entrapped a t  
t h e  high p o i n t  i n  t h e  ox id ize r  manifold tube. It i s  hypothesized t h a t  
bubbles were trapped i n  t h e  following manner. The i n j e c t o r  w a s  mounted i n  
t h e  test s t and  i n  t h e  ver t ical  a l t i t u d e  with t h e  i n j e c t o r  face downward and 
t h e  tube upward. When t h e  p r o p e l l a n t  valve opened, o x i d i z e r  en te red  both 
t h e  inne r  and o u t e r  manifolds simultaneously o r  nea r ly  so. A s  flow i n t o  t h e  
manifolds continued, t h e  l i q u i d  level r a i s e d ,  t rapping a i r  bubbles a t  t h e  
high po in t  of t h e  tube. The o x i d i z e r  continued t o  e n t e r  t h e  manifolds 
inc reas ing  t h e  p re s su re ,  compressing t h e  a i r  bubbles,  and fo rc ing  t h e  o x i d i z e r  
through t h e  o r i f i c e s .  
t h e  p re s su re  d i f f e r e n t i a l  between t h e  o u t e r  and i n n e r  manifolds of 9 p s i  w a s  
e s t ab l i shed .  The 9 p s i  p re s su re  d i f f e r e n t i a l  then suppl ied t h e  d r i v i n g  f o r c e  
t o  sweep t h e  bubble from t h e  high p o i n t  of t h e  tube i n t o  the  o u t e r  manifold. 
During t h e  two nominal p re s su re  tests (-010 and -011) t h e  ox id ize r  flow rate 
i s  apparent ly  g r e a t  enough t o  f l u s h  t h e  bubble out  of t h e  tube and through t h e  
i n j e c t o r  o r i f i c e s  a t  about FS f 2.8 seconds. However, i n  t h e  low p res su re  T e s t  
(-012) t h e  f l o w  may n o t  have been a b l e  t o  f l u s h  ou t  t h e  bubble, o r  i f  i t  d id ,  
it w a s  s t i l l  too  s o f t  dynamically t o  damp the  a l r eady  e x i s t i n g  i n s t a b i l i t y .  
While t h e  foregoing hypothesis appears reasonable with r e spec t  t o  t h e  
intermediate-frequency combustion i n s t a b i l i t y  experienced during Tests 010 
through 012, i t  does not exp la in  t h e  intermediate-frequency encountered a t  low 
chamber p re s su re  ( T e s t  006). A dynamic a n a l y s i s  of t h e  p rope l l an t  feed 
system i n d i c a t e s  t h a t  t h e  i n s e r t i o n  of t h e  o x i d i z e r  flow d i s t r i b u t i o n  p l a t e s  
provided s u f f i c i e n t  ove r -a l l  System phase angle  change t o  p e r m i t  t h e  
propagation of the intermediate-frequency i n s t a b i l i t y .  It i s  planned t o  
remove t h e s e  p l a t e s  thereby r e tu rn ing  t h e  manifolds t o  t h e  SPS configurat ion.  
Coincident with t h e  at ta inment  of s teady state flow, 
1 
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(3) High-Frequency Acoustic Mode 
Seven in s t ances  of high-frequency i n s t a b i l i t y  
occurred i n  t h e  series of 15 tests. 
t h e  previously e x i s t i n g  intermediate-frequency o s c i l l a t i o n ,  one t h e  r e s u l t  
of t he  detonat ion of a 165 g r a i n  bomb mounted on t h e  s i d e  of t h e  chamber, and 
one s ta r t  t r a n s i e n t  induced which damped i n  50 msec. 
seven tests i .e. ,  those i n  which t h e  high frequency i n s t a b i l i t i e s  occurred 
with t h e  manifolding tube i n s t a l l e d ,  (Tests 010, 011, and 012), are n o t  
considered as v a l i d  s t a b i l i t y  r a t i n g  tests s i n c e  t h e r e  appears t o  be a corre- 
l a t i o n  between t h e  i n s t a b i l i t i e s  experienced and t h e  presence of t h e  tube,  
as evidenced by t h e  exac t  t i m e s  a t  which t h e  i n s t a b i l i t i e s  occurred. 
F ive  w e r e  probably t h e  d i r e c t  r e s u l t  of 
About t h r e e  of t h e  
The f i r s t  i n d i c a t i o n  of a high-frequency i n s t a b i l i t y  
tendency occurred on T e s t  -008 during the  s tar t  t r a n s i e n t ,  when a 20 p s i  peak 
t o  peak, 4600 cps o s c i l l a t i o n  w a s  observed f o r  about 50 mi l l i sec  a t  FS 
+ 0.88 seconds. The 165 g r a i n  c e n t e r  bomb f i r e d  la ter  i n  t h a t  same test 
damped t o  t h e  n o i s e  level i n  only 15 mill isec.  However, t h e  165 g a i n  s i d e  
mounted bomb detonat ion on t h e  next  T e s t  (-009) r e s u l t e d  i n  an i n s t a b i l i t y  
a t  a frequency of 5000 cps. 
1 
The reason f o r  t h e  occurrence of t h e  high-frequency 
i n s t a b i l i t y  on t h e  las t  t h r e e  tests performed i n  t h e  a b l a t i v e  combustion 
chambers i s  no t  apparent a t  athis t i m e .  However, several p o s s i b i l i t i e s  
exist .  The f irst  i s  t h a t  t h e  i n j e c t o r  w a s  phys i ca l ly  changed as a r e s u l t  
of t h e  s i d e  bomb detonat ion on T e s t  (-009) and subsequent intermediate  and 
high-frequency ope ra t ion  on T e s t s  010, 011, and 012. This  hypothesis  i s  
s u b s t a n t i a t e d  by the  f a c t  t h a t  t h e  predominant frequency (and t h e r e f o r e  
a c o u s t i c  mode) of high-frequency i n s t a b i l i t y  s h i f t e d  from 5000 cps t o  7000 cps 
between T e s t  -009 and a l l  subsequent t e s t i n g .  J u s t  what t h i s  phys i ca l  change 
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w a s  has  n o t  been a sce r t a ined .  
chambers is the  only change between t h e  f i r s t  9 tests and t h e  last t h r e e .  
I f  i t  were, t h e  hydrau l i c  p o r t i o n  of t h e  i n j e c t o r  could be  el iminated as a 
p o s s i b i l i t y  and the  i n v e s t i g a t i o n  could then concen t r a t e  on what o t h e r  
d i f f e r e n c e s  e x i s t .  For example, t h e  b a f f l e s  may f i t  d i f f e r e n t l y ,  o r  t h e  
f l a n g e  gap may be  d i f f e r e n t .  
po in t .  
It is  no t  known whether t h e  changing of 
Retest i n  t h e  steel  chamber may c l a r i f y  t h i s  
I n  a n  e f f o r t  t o  determine i f  a phys ica l  change had 
occurred w i t h i n  t h e  i n j e c t o r ,  t h e  e n t i r e  cold flow p o r t i o n  of t h e  tests 
were repeated and t h e  r e s u l t s  compared wi th  those recorded p r i o r  t o  f i r i n g .  
N o  changes were d i sc losed ;  however, t h i s  f a c t  does no t  preclude t h e  p o s s i b i l i t y  
of a change which w a s  t oo  s m a l l  t o  be  recorded by flow, proof ,  and l e a k  
tes ts  . 
The a c o u s t i c  mode of t h e  high-frequency i n s t a b i l i t y  
appears t o  b e  e i t h e r  t h e  combined f i r s t  t a n g e n t i a l  and f i r s t  r a d i a l  (1T + 1 R )  
mode a t  a frequency of 4700 t o  5000 cps,  o r  t h e  f i f t h  t a n g e n t i a l  and f i r s t  
r a d i a l  (ST + 1R)  a t  about 7000 cps. 
t h e  b a f f l e  p a t t e r n ,  and can b e  thought of as a b a f f l e  pocket mode. 
modes were iden t iE ied  by means of ambient a c o u s t i c  tests of t h e  Apollo 
b a f f l e  and chamber and found t o  have t h e  least damping i n  t h e i r  r e s p e c t i v e  
frequency ranges.  
appears t o  b e  high enough t o  d r i v e  t h e s e  modes, whereas those of t h e  SPS 
b a f f l e d  i n j e c t o r s  w e r e  no t .  
o r i f i c e  s i z e ;  t h e  f i n e r  t h e  o r i f i c e ,  t h e  h ighe r  frequency mode i t  i s  
capable of d r iv ing .  
The la t ter  mode appears t o  e x a c t l y  f i t  
These 
The s e n s i t i v e  frequency of t h e  10s i n j e c t o r  elements 
This is  p r imar i ly  a func t ion  of i n j e c t o r  
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I n  summary, t h e  high-frequency modes of i n s t a b i l i t y  
a t  5000 and 7000 cps appear t o  be  t r i gge red  by e i t h e r  a 165 g r a i n  s i d e  bomb 
o r  pops r e s u l t i n g  from previously e x i s t i n g  intermediate-frequency i n s t a b i l i t y .  
A s  a p a r t  of follow-on e f f o r t ,  i t  is  planned t o  i n s e r t  an a c o u s t i c  r e sona to r  
i n  t h e  i n j e c t o r  t o  damp t h e  high-frequency i n s t a b i l i t y .  
( 4 )  Spontaneous P res su re  Pe r tu rba t ions  (Pops) 
The las t  s t a b i l i t y  cons ide ra t ion  i s  t h e  eva lua t ion  
of t h e  10s i n j e c t o r  w i th  regard t o  pops (random chamber p r e s s u r e  p e r t u r b a t i o n s ) .  
Tests -001 through -005, which were f r e e  of any form of i n s t a b i l i t y ,  d i d  
experience about t e n  pe r tu rba t ions  varying i n  amplitude from j u s t  above 
n o i s e  level  t o  30 p s i  peak over-pressure,  i n  about 25 seconds of t e s t i n g .  
Therefore,  i t  can be concluded t h a t  during normal s teady s t a t e  ope ra t ion ,  
t h e  contoured i n j e c t i o n  o r i f i c e s  and overlapping spray p a t t e r n s  do n o t  
e l imina te  pops, although t h e i r  amplitude w a s  reduced by almost an o rde r  of 
magnitude and only one p e r t u r b a t i o n  w a s  of s u f f i c i e n t  magnitude t o  f a l l  
w i t h i n  t h e  d e f i n i t i o n  of a chamber p re s su re  sp ike ,  as def ined i n  r ecen t  
NASA procurement documents. 
An exac t  count of pops is n o t  p o s s i b l e ,  s i n c e  
most of them are s o  s m a l l  as t o  be  und i s t ingu i shab le  from t h e  chamber 
n o i s e  on a p res su re  t ransducer .  However, eva lua t ion  of t h e  accelerometer 
o sc i l l og raph  records suggest  t h a t  f o r  every pop seen on t h e  p re s su re  
t ransducer  o sc i l l og raph ,  t h e r e  is  another  one t h a t  can be  de t ec t ed  on 
accelerometer traces. This implies  t h a t  t h e  popping rate of t h e  10s i n j e c t o r  
is q u i t e  high when compared t o  even t h e  most pop prone SPS i n j e c t o r .  
I n  view of t h e  low amplitude of t h e  pops, i t  is 
a n t i c i p a t e d  t h a t  t h e  a c o u s t i c  r e sona to r  t o  be  employed during subsequent 
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tests w i l l  be  adequate t o  damp t h e  pe r tu rba t ions  t o  be w e l l  w i th in  acceptab le  
l i m i t s .  A new theory on pops r e c e n t l y  put f o r t h  a t  the  f i f t h  ICRPG meeting, 
is  a l s o  being explored t o  determine i f  i t  could c o n t r i b u t e  a s o l u t i o n  t o  t h e  
problem of pop e l imina t ion .  
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A. CONCLUSIONS 
1. O r i f i c e s  
a. Contoured 
S ing le  element tests i n d i c a t e d  t h a t  contoured o r i f i c e s ,  
i.e., those  wi th  i n l e t  r a d i i  approximately twice t h a t  of t he  o r i f i c e  r ad ius ,  
provided s teady  p r e d i c t a b l e  e f f l u e n t  streams over a wide range of opera t ing  
condi t ions ,  inc luding  p res su re  d i f f e r e n t i a l ,  length-to-diameter r a t i o  (L/D), 
c ross  v e l o c i t y ,  angle  of eg res s ,  and angular  r e l a t i o n s h i p  with feed channels.  
The stream c h a r a c t e r i s t i c s  w e r e  t y p i c a l l y  round and w e l l  def ined  although 
stream divergence inc reases  as p res su re  d i f f e r e n t i a l  increased.  For p r a c t i c a l  
design purposes,  streams may b e  assumed t o  b e  round and w e l l  def ined w i t h i n  
2 i n .  of t h e  i n j e c t o r  f a c e  up t o  p re s su re  d i f f e r e n t i a l s  of 100 p s i .  
The d ischarge  c o e f f i c i e n t  (Cd) w a s  a t  o r  near ly  a t  a 
maximum up t o  a L/D = 3 and decreased t h e r e a f t e r  wi th  inc reas ing  L/D due t o  
p ipe  f r i c t i o n .  The manner i n  which t h e  p rope l l an t s  are supp l i ed  t o  t h e  o r i -  
f i c e ,  i .e.,  manifolding, v e l o c i t y  w i t h i n  t h e  manifold and o r i f i c e  angle  wi th  
r e spec t  t o  stream l i n e s  w i t h i n  manifold,  a f f e c t e d  Cd as measured. The magni- 
tude  of t hese  e f f e c t s  w a s  observed t o  be s l i g h t  when compared wi th  the  same 
e f f e c t  on sharp-edged o r i f i c e s .  
flow detachment or  hydraul ic  f l i p .  
Contoured o r i f i c e s  d i d  no t  experience sudden 
Contoured o r i f i c e s  requi red  approximately twice as much 
f a b r i c a t i o n  t i m e  t o  d r i l l  i n  an i n j e c t o r  as a convent ional  sharp-edged o r i f i c e  
(based on 10s two s t e p  opera t ion) .  The foregoing 2:l r a t i o  would b e  decreased 
i f  i n l e t  su r faces  are lapped t o  a s s u r e  uniform sharp-edged en t rance  condi t ions .  
Attempting t o  reduce t h e  number of f a b r i c a t i o n  opera t ions  by d r i l l i n g  and 
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contouring i n  one ope ra t ion  from t h e  back s i d e  i s  n o t  d e s i r a b l e  because d r i l l -  
wander would r e s u l t  i n  stream misimpingement, 
i n  which back s i d e  a c c e s s i b i l i t y  i s  r equ i r ed  f o r  machining would b e  a s e r i o u s  
disadvantage i n  a development program because i t  would prevent  s tock -p i l i ng  
blank i n j e c t o r s  t o  b e  d r i l l e d  as required.  
The use  of contoured o r i f i c e s  
b .  Sharp Edged 
T e s t  r e s u l t s  i n d i c a t e d  t h a t  sharp-edged o r i f i c e s  are 
much more s u s c e p t i b l e  t o  stream v a r i a t i o n s  because of i n l e t  condi t ions and 
temperatures than are contoured o r i f i c e s .  Because minor changes i n  ope ra t ing  
condi t ions could r e s u l t  i n  flow v a r i a t i o n s  of approximately 20%, i .e. ,  from 
f u l l y  a t t ached  t o  detached, care should be  exercised during t h e  design phase 
t o  a s s u r e  t h a t  hydrau l i c  f l i p  o r  sudden flow detachment w i l l  no t  occur w i t h i n  
the  ope ra t ing  regime. A t  low-pressure d i f f e r e n t i a l s  and c ross  v e l o c i t i e s ,  
stream c h a r a c t e r i s t i c s  w e r e  round and w e l l  def ined becoming p rogres s ive ly  more 
dispersed and bushy as t h e  p re s su re  d i f f e r e n t i a l  increased.  A f t e r  f l i p ,  t h e  
e f f l u e n t  stream resembles t h a t  of a contoured o r i f i c e .  
f l a t t e n e d  t h e  e f f l u e n t  stream i n  t h e  d i r e c t i o n  of flow. Short  L/D r a t i o s  
( l e s s  than 3) had poor d i r e c t i o n a l  con t ro l .  
Manifold c ros s  v e l o c i t y  
The discharge c o e f f i c i e n t  t y p i c a l l y  v a r i e d  between 0.61 
Minor manufacturing v a r i a -  f o r  detached flow up t o  0.81 f o r  s h o r t  tube flow. 
t i o n s ,  b u r r s ,  etc.,  r e s u l t e d  i n  pronounced d i f f e r e n c e s  w i t h i n  t h i s  band b u t  
even a complete b u r r  around t h e  en t r ance  does no t  reduce t h e  C below 0.51. 
Hydraulic f l i p  can be  hidden by c ross  v e l o c i t y  because t h e  la teral  v e l o c i t y  
component causes the  o r i f i c e  t o  flow p a r t i a l l y  a t t ached  and as a consequence 
t h e r e  i s  no abrupt  t r a n s i t i o n  from a t t ached  t o  detached flow. 
d 
D r i l l e d  o r i f i c e s  are r e l a t i v e l y  easy t o  manufacture, and 
because of t h i s  are very d e s i r a b l e  from t h e  o v e r a l l  program s t andpo in t .  
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Or i f i ce - to -o r i f i ce  v a r i a t i o n s  w i t h i n  a n  i n j e c t o r  tend t o  be  se l f - cance l l i ng  
because t h e  r e s u l t s  of a c t u a l  and p red ic t ed  flow tests of i n j e c t o r s  with sharp- 
edged o r i f i c e s  are c o n s i s t e n t l y  i n  c l o s e r  agreement than would b e  expected 
from t h e  r e s u l t s  of t h e  10s s i n g l e  element tests. 
2. I n j e c t o r  
a. The techniques used t o  o b t a i n  p r e d i c t a b l e  hydrau l i c  flow 
w e r e  s a t i s f a c t o r y ,  as shown by t h e  c l o s e  c o r r e l a t i o n s  between design va lues  
and t h e  r e s u l t s  of a c t u a l  flow tests. 
b. Techniques used t o  inc rease  performance w e r e  very 
success fu l  because p red ic t ed  performance inc rease  w a s  r e a l i z e d .  
c. The techniques used t o  p r e d i c t  compa t ib i l i t y  appear t o  
be success fu l  although i n s u f f i c i e n t  f i r i n g  t i m e  has  been accumulated t o  make 
a d e f i n i t e  s ta tement  t o  t h a t  e f f e c t .  
d. The a d d i t i o n  of t h e  ox id ize r  manifold flow d i s t r i b u t i o n  
p l a t e s  was undes i r ab le  f o r  t h i s  system because i t  r e s u l t e d  i n  a system phase 
s h i f t  and intermediate  frequency i n s t a b i l i t y .  This disadvantage is  r e l a t e d  
only t o  t h e  SPS system and does not  n e c e s s a r i l y  relate t o  any o t h e r  system. 
e. The use  of common welds sepa ra t ing  t h e  f u e l  and o x i d i z e r  
manifolds w a s  s u c c e s s f u l  and s tandard e l e c t r o n  beam welding and radiographic  
in spec t ion  techniques appear adequate. 
f .  The use of contoured o r i f i c e s  manufactured by conven- 
t i o n a l  s i n g l e  p o i n t  machining techniques does not  impose an e x o r b i t a n t  manu- 
f a c t u r i n g  c o s t  pena l ty  (a comparison of 10s and SPS l a b o r  requirements 
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i n d i c a t e d  t h a t  under t h e  same circumstances t h e  10s i n j e c t o r  required 16.5% 
more manhours). 
g. The measures taken t o  o b t a i n  dynamic s t a b i l i t y  i n  t h e  
a c o u s t i c  modes w e r e  unsuccessful.  
Figure 25 w a s  only p a r t i a l l y  s u c c e s s f u l  w i th  r e spec t  t o  t h e  5000 cps mode. 
The 7200 cps i n s t a b i l i t y  w a s  not  predicted.  The cause of t h e  7200 cps mode 
is not  known; however, t h e r e  appears two p o s s i b i l i t i e s  (1) a phys ica l  change 
t o  t h e  i n j e c t o r  as discussed i n  I I I , B , 3 , a , ( 3 ~ ,  o r  (2) t he  h ighe r  s e n s i t i v e  
frequency a s soc ia t ed  wi th  t h e  s m a l l  10s o r i f i c e s .  
The humped mass d i s t r i b u t i o n  shown i n  
h. The theory t h a t  pops are t h e  r e s u l t  of a hydrau l i c  f l i p  
t r i g g e r  causing t h e  instantaneous i g n i t i o n  of f u e l  on oxidizer-r ich zones 
w i t h i n  t h e  combustion chamber appears t o  have been a t  least  p a r t i a l l y  disproven. 
The 10s design incorporated two f e a t u r e s  which should have reduced t h e  
p r o b a b i l i t y  of pops, i .e . ,  t h e  contoured o r i f i c e s  which do not  experience 
hydrau l i c  f l i p  removed t h e  t r i g g e r  and t h e  overlapped p a t t e r n  removed t h e  
energy source t o  support  pops. 
with the  10s obviously does not  support  t h e  t r i g g e r  theory;  however, t h e  
g r e a t l y  reduced amplitude of t h e s e  d i s tu rbances  tends t o  support  t h e  p o t e n t i a l  
energy po r t ion  of t h e  theory.  
The l a r g e  number of s m a l l  pops experienced 
B RECOMMENDATIONS 
The fol lowing i t e m s  are recommended as a d d i t i o n a l  e f f o r t  t o  t h e  
10s Program. 
1. Continuation of t h e  10s e f f o r t  w i th  emphasis placed upon t h e  
attainment of dynamic s t a b i l i t y  while  maintaining high performance. 
e f f o r t  is  t h e  goa l  of Contract  NAS 9-8285, which w a s  awarded a t  t he  completion 
of t h e  10s con t rac t . )  
(This 
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2. The development of a c a p a b i l i t y  t o  tes t  a l t i t u d e  performance 
of SPS i n j e c t o r s  a t  simulated a l t i t u d e  condi t ions more exped i t ious ly .  
primary advantages t o  b e  r e a l i z e d  from t h i s  improved c a p a b i l i t y  are (1) t h e  
u n c e r t a i n t y  a t t ached  t o  the  performance va lues  discussed i n  Sect ion I I I , B , Z , c ,  
would be removed, and (2) t h e  e f f e c t  of a vacuum environment on engine start 
and t r a n s i e n t s  would be  demonstrated. In add i t ion ,  t h i s  information would b e  
a v a i l a b l e  t o  the  designer  e a r l y  i n  the development phase of t h e  program when 
i t  i s  of t h e  most value. The only method of determining a l t i t u d e  performance 
now a v a i l a b l e  i s  test f i r i n g  a t  AEDC. This approach is  no t  d e s i r a b l e  f o r  s m a l l  
development programs w i t h  l i m i t e d  hardware because of t h e  r e l a t i v e l y  long 
turnaround t i m e  required.  
The two 
C. APPLICATIONS FOR RESEARCH 
A t o t a l  of 129 s i n g l e - o r i f i c e  tests w e r e  conducted on t h e  10s 
con t rac t .  I n  gene ra l ,  e x c e l l e n t  agreement w a s  achieved between t h e  prel iminary 
a n a l y t i c a l  models and experimental  da t a .  The phys ica l  i n s i g h t  achieved through 
t h e  development of  t h e  va r ious  a n a l y t i c a l  models has  conceptual ly  explained 
a l l  observed hydrau l i c  phenomena. For t h e  contoured o r i f i c e  i n j e c t o r s  t h e  
hydrau l i c  models developed are adequate t o  p r e d i c t  discharge c o e f f i c i e n t  w i t h i n  
- +1% and no a d d i t i o n a l  o r i f i c e  element work i s  required.  
research is  required on sharp-edged o r i f i c e s .  
c iency i n  t h e  o r i f i c e  models are discussed below. 
However, a d d i t i o n a l  
The remaining areas of d e f i -  
I n  w a s  shown t h a t  t h e  i n t e r a c t i o n s  of cross-veloci ty  and s t a t i c  
p res su re  drop through t h e  o r i f i c e  d e f i n e  t h e  i n i t i a l  flow dev ia t ion  ang le  i n t o  
the  o r i f i c e .  
o r i f i c e  L/D due t o  viscous e f f e c t s .  
The secondary flow c h a r a c t e r i s t i c s  are a t t e n u a t e d  by inc reas ing  
However, i t  has  n o t  y e t  been q u a n t i t a t i v e l y  
determined how much l eng th  is requ i r ed  o r  a t  what rate t h e  damping w i l l  occur.  
Asymmetrical flow e f f e c t s  upon contoured o r i f i c e s  are n e g l i g i b l e  because t h e  
Page 6 4  
Report 6925-F 
IV, C, Applications for Research (cont.) 
absence of a flow detachment zone inhibits secondary flow characteristics. 
Nevertheless, if sharp-edged orifices are desired for use with non-negligible 
cross velocity or low static pressure drop, additional analytical development 
of the asymmetrical flow sharp-edged orifice model is required. 
In the case of symmetrical flow (low cross velocity) in sharp- 
edged orifices, flow detachment at the exit was experienced for L/D < 1 and 
attached flow was achieved in some cases with L/D as low as 2. However, the 
minimum L/D requirement to assure either flow attachment or detachment is also 
dependent upon secondary factors such as impingement angle, fluid density and 
viscosity, orifice diameter and pressure drop and possibly other parameters. 
To fully evaluate the conditions required to achieve definite flow attachment 
in the short-to-moderate L/D range, additional analytical model development 
and empirical data will be required. Although tests were conducted in the 
IOS investigation at L/D's of 1, 2, 4 and 8, the data were inconclusive for 
defining the small differentials between plates because of slight inaccuracies 
in either measured orifice areas or differences in entrance condition. 
additional L/D investigation will require that the data be obtained fron! a 
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1. Explosive-form body blank. 
2. Machine 3 f ace  s i d e  channels and 
contour face.  
3. Fabr ica te ,  d r i l l  and contour o r i f i c e  
en t rances  i n  3 f ace  r ings .  
4. Electron-beam-weld, X-ray and dye- 
pene t ran t  i n spec t  f ace  r i n g s ,  
5. D r i l l  p a t t e rn ,  Step I, 
6. Machine f u e l  channel feed s l o t s  and back 
manifold area, f a b r i c a t e  b a f f l e  and hub sub- 
assembly, and weld assembly t o  face.  X-ray 
and dye-penetrant i n spec t  welds. 
7. D r i l l  p a t t e r n ,  S tep  I1 ( o r i f i c e s  near  
b a f f l e  welds). 
8. Machine ox id ize r  and f u e l  channels on 
back s i d e  (channels 6 through 15) .  
9. Machine f u e l  o r i f i c e  en t rance  contours.  
10. Fabr i ca t e  and electron-beam-weld f u e l  
cover and f u e l  r i ngs  f o r  channels 7, 9, 11, 
13 and 15. X-ray and dye-penetrant i n spec t  
welds. Proof and l e a k  test welds. 
11. F i n a l  machine ox id lze r  channels on back 
s i d e  (channels 6, 8, 10, 12 and 14. 
1 2 .  Machine ox id ize r  o r i f i c e  en t rance  
contours,  
13. Fabr i ca t e  and i n s t a l l  ox id i ze r  channel 
flow d i s t r i b u t i o n  p l a t e s  (channels 6, 8, 
10, 1 2  and 14) .  
Sequence of Operations - SPS 
1. Explosive-form body blank. 
2. Machine 8 f ace  s i d e  channels and 
contour face.  
3. Electron-beam-weld, X-ray and dye- 
pene t ran t  i n spec t  f a c e  r ings .  
l eak  test welds. 
4. Machine back s i d e  f u e l  manifold and 
5 ox id ize r  channels. 
5. F i n a l  machine f a c e  contour and f u e l  
channel feed  s l o t s .  
6. D r i l l  p a t t e r n ,  S t e p  I. 
Proof and 
7, Counterbore o r i f i c e s  on f ace  s i d e ,  
S t e p  I. 
8. Fabr i ca t e  and electron-beam-weld 
ox id ize r  manifold covers and f u e l  manifold 
cover. X-ray and dye-penetrant i n spec t  
welds. 
9. 
and weld assembly t o  face.  
pene t ran t  i n spec t  welds. 
10. Fabr i ca t e  and TIG-weld headers and 
p rope l l an t  d i s t r i b u t i o n  manifolds t o  
i n j e c t o r .  X-ray and dye-penetrant i n spec t  
welds. 
11. 
f lange  areas. 
12 .  D r i l l  and counterbore o r i f i c e s  near  
-baff le  welds, Step 11. 
13. Hydrotest  inc luding  back f l u s h ,  proof 
pressure  test (flowing wa te r ) ,  flow test  
f o r  pressure  drop and 
l eak  t e s t ,  in te rchannel  and b a f f l e  assembly 
weld l e a k  test and p a t t e r n  check. 
Fabr i ca t e  b a f f l e  and hub subassembly 
X-ray and dye- 
F i n a l  machine headers and i n j e c t o r  
gas proof and 
14. Fabr i ca t e  and electron-beam-weld ox id ize r  manifold covers.  X-ray 
and dye penet ran t  i n spec t  welds. 
15. Fabr i ca t e  and TIG-weld headers and p rope l l an t  d i s t r i b u t i o n  manifolds 
t o  i n j e c t o r .  
16. 
1 7 .  Hydrotest  inc luding  back-flush, proof p re s su re  test (flowing water ) ,  
flow test f o r  pressure  drop and Q, gas proof and l e a k  test ,  in te rchannel  
and b a f f l e  assembly weld l eak  test, p a t t e r n  check and cleaning.  
X-ray and dye-penetrant i n spec t  welds. 
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Figure 32 4 o f  4 
Report 6925-F 
Step I - D r i l l  Or i f ice to  Desired Dia From Face Side 
-Dr i l l  From This Side 
Manifold Side Chamber Side 
Face Ring (Typ) 
Step I I  - Contour 
Contour  From This Side 
Pi lot  0.001 in. dia Or i f ice Smal ler  
t h a n  Diameter. (1 sed to Assu re  
Concentr ic i ty  Between Contour  and 
.Orif ice. 1 
Ground to Desired C o n t o u h  
O r i f i c e  D r i l l i n g  and Contouring Procedure 
F igure  33 
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Elec t ron  Beam Welding Machine 
Figure 34 
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Comb us t i o n  Chamb er Ins trument a t i o n  Locations 
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TEST IDENTIFICATION DATE TIME DURATION SUMMARY PERIOD 
(1) 1127-Dol-OJ-001 04-24-68 1630 5 -197 2.500 TQ 4.500 
(2) 1127- DO1 -05-002 05 -06 -68 1535 5.338 2.500 TO 4.500 
(3) 1127-Dol-05-003 05 -06 -68 1550 5.220 2.500 TO 4.500 
(4) 1127-M)1-OJ-004 05-06 -68 1607 5 -234 2.500 TO 4.500 
POT-1 AT FS1 





























































5801 * 5156 
151 -9740 
NOMINAL DESIGN CONDITIONS 
PC 99 *OoOo 
MR 1.6000 



























































































PS I A  
PSIA 
PSIA 







PS I A  
PSIA 
PS IA 
PS I A  
PSIA 
PS IA 















99 *~~ gg.0000 PSIA 
1.6000 99 *0000 
70 .oooo 70 .ow0 70.0000 DEG F 
1.6000 1.6000 
VACUUM ISP DERIVED FROM M E A S W D  THRUST 
ISPVAC (1 e 5) 234 5497 
CORR S.C. 234 09752 
234 9 5745 234.1672 231.8348 SEC 
234.2567 234.2665 SEC 2 34.6 147 
321.4001 321.4133 SEC ISPVAC (62 5) 322 3857 321.8911 
Injector SN 135 Final Test Data 
Figure 4 4 ,  Sheet 1 of 3 
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TEST IDENTZFICATION DATE TIME DURATION SUMMARY PERIOD 
(1) 1127-W1-0J-005 05 -06-68 1640 5.211 2.500 TO 4.500 
(2) 1127-Dol-05-006 05 -06 -68 1700 5.386 2.500 TO 4.500 
(3) 1127-lBl-OJ-007 05-06-68 1748 5 A16 2.500 TO 4.500 
(4) 1127-lB1-OJ-008 05 -06 -68 1838 5.208 2.500 TO 4.500 
POT-1 AT FS1 
























































































8789 e 0977 
180.4l.65 
1.0328 


















107 * 9035 
14.5690 










































































NORMAL DESIGN CONDITIONS 
MR 
PC 99 .oooo 99 .moo 99 . ~ O O o  gg.0000 PSLA 
TEMPEIWIW33 70.0000 70 .oooo 70.oooo 70.0000 DEG F 
1.6000 1.6000 1.6000 1.6000 
VACUUM ISP DERNED FROM lvlEASURED THRUST 
corn s.c* 234.0482 235.5221 233 A816 234.2861 SEC 
ISPVAC (62 .5) 321.1140 323.1362 320 3367 321.4404 SEC 
ISPVAC(1.5) 234.9381 2 34 3327 232.9510 234.3555 SEC 
I n j e c t o r  SN 135 F i n a l  T e s t  Data 
Figure  4 4 ,  Sheet 2 of 3 
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TEST IDEmIFICATION DATE TfME DURA!I!ION SUMMARY PERIOD 
2,097 1.OOO TO 2.000 
(2) 1127-Dol-05-010 05-09-68 0130 5 -299 2.500 TO 4.500 
3) 1127-Xll-W-011 o 5 -09 -68 0150 5 0245 2.500 TO 4.500 
4) 13.27-~01-0~-012 05-0948 0220 5.282 2.500 TO 4.500 
(1) 1l.27401-OJ-009 05-06-68 1917 
POT-1 AT FS1 




































i g i  .84M 
178.2890 
178.2890 

































195 e 1070 
187 -4220 
1 a 7 . 4 ~ 0  
156.1200 
155 * 5820 
151.0000 
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194 * 1769 
1.0732 



























































































NOMINAL DESIGN CONDEIONS 
PC 99 *0000 gg .oooo 99.0000 gg.0000 PSIA 
MR 1.6000 1.6000 1.6000 1.6000 
TEMPERATURE 70 .oooo 70 .oooo 70 .om0 70.0000 DEG F 
VACUUM ISP DERIVEI) FROM MEWURED THRUST 
ISPVAC (1 5) 235 * 1769 234 -6139 234.5655 234.3547 SEC 
corn S.C. 235 03605 235 -2411 235.2478 236.3415 SEC 
ISPVAC(62-5) 322.9146 322 07505 322 07598 324.2603 SEC 
Injector SN 135 Final Test Data 
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Chamber Coating a f t e r  T e s t  1127-D01-OJ-001 
Figure  49 
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~0.7, OCT 1947, p.765-8. (El 1947, p.826) 
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A EROJE T-GENERAL CORP , , SACRAMENTO, CA L I F , 
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NERVA PROGRAM, BY D.B, GLAESER AND 
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AEROJE TI(; ENE R A L  CORP ., SACRAMENTO, CA L I F a  
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A I R  UNIVERSITY, WRIGHT-PATTERSON AFB, 0. 
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AIR UNIVERSITY, WRIGHT-PATTERSON AFB, 0. 
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ENGINE, BY J.C. V A U G H A N , ~ ~  I ; N.O. AU GA/ME/64-8. (TL 5@@2) 
AIR UNIVERSITY,  WRIGHT-PATTERSON AFB, 0. 
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AMERICAN ROCKET SOCIETY. NEW YORK 
FLOW STABILITY I N  S M ~ L L  ORIFICES, BY R.P, NORTHRUP; 
(TL 3~6812) 
Nov 1951. ARS P-49-51, 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, N.Y. 
C R I T I C A L  FLOW THROUGH SHARP-EDGED ORIFICES.  V.71, By J,A, PERRY, JR.; 19$* 
ASME ~ - 4 8 - ~ - 1 4 6  (TL 71112%) 
A M E R ~  CAN SOCIETY OF MECHANICAL ENGINEERS, N.Y. 
FLoWME TER COMPUTATION HANDBOOK; 1961 . (TL TJ  935 AE-2)  
AMERICAN S O C I E T Y  OF MECHANICAL ENGINEERS, N.Y. 
A SHOCK TUBE TECHNIQUE TO DETERMINE STEADY-FLOW LOSSES OF O R I F I C E S  AND OTHER 
DUCT ELEMENTS; 1959. ASME P-59 HYD-13. (TL 00070) 
AMERICAN SOCIETY OF MECHANiCAL ENGINEERS, N.Y. 
SYMPOSIUM ON MEASUREMENT I N  UNSTEADY FLOW; MAY 1962, (TL TJ 935 AWE-3) 
ARMOUR RESEARCH FOUNDATION, CH I CAQO, I L L  
FEASIBIL~TY STUDY OF A NEW MASS FLOW SYSTEM, FINAL REPORT BY J.W. HOFFNER; 
JAN 1962. ARF-1167-18. (~62-13644) 
Page A-10 
r 
Report 6925-F, Appendix A 
ATOMIC ENERGY COMMISSION, WASH,, D,C, 
A STUDY OF THE FLOW OF SATURATED FREON-I1 THROUGH NO SHORT TUBES, 
BY H,K, FAUsKE AND T,C, MIN; JAN 1963, CONTRACT W - ~ ~ - I @ - E N G - ~ ~ ,  AEC ANL- 
6667 (TL 5~4215)  
ATOMIC ENERGY OF CANADA, LTD., CHALK RIVER, (ONTARIO) 
Two PHASE FLOW MEASUREMENT WITH SHARP-EDGED ORIFICES AND VENTURIS, BY 
E, BIZON; JUN 1965. AECL-2273. (N65-35159) 
CALIF,  I N S T I T U T E  OF TECHNOLOGY/JET PROPULSION LAB., PASADENA, C A L I F .  
A N  EXPERIMENTAL CORRELATION OF THE NONREACTIVE PROPERTIES OF I N J E C T I O N  
SCHEMES AND COMBUSTION EFFECTS I N  A L I Q U I D  PROPELLANT ROCKET ENGINE. 
PART 1 :  THE A P P L I C A T I O N  OF NONREACTlVE SPRAY PROPERTIES TO THE ROCKET 
(TL 5~6522) 
MOTOR INJECTOR DESIGN, BY J.H, RUPE; JUL 1965. TR-32-255 PT.1. (cPIA-66-33) 
PRESENTS PROPERTIES QF ~NEJCTOR O R I F I C E S e  
CALIF,  I N S T I T U T E  OF TECHNOLOQY/JET PROPULSlON LAB,,, PASADENA, C A L I F ,  
ON THE DYNAMIC CHARACTERISTICS OF FREE-L~QUID JETS NO A P A R T l A L  CORRELATION 
W l T H  O R I F I C E  GEOMETRY, BY JACK He RUPE; JAN 19 e C IT-JPL-TR-32-207. 
(TL 2-2027) 
C A L I F .  I N S T !  TUTE OF TECHNOLOGY/JET PROPULSION LAB,, PASADENA, CALIF ,  
RADIAL S T A T I C  PRESSURE D l S T R l B U T l O N S  I N  CONFINED COMPRESSlBLE VORTEX FLOW 
FIELDS, TECHNICAL REPORT, BY T e J e  PIVIROTTO; I R 1967. JPL TR-32-1076. 
(TL 7u19@) 
CALIF,  I N S T I T U T E  OF TECHNOLOGY/JET PROPULSlON L SADENA, C A L I F .  
S I M I L A R 1  TY I N  CONFINED VORTEX FLOWS, TECHNIC ORT, BY E,J, ROSCHKE AND 
T.J. PIVIROTTO; 15 AUG 1965. CONTRACT NAS JPL TR-32-7@. 
(TL 5u7356) 
C A L I F .  I N S T I T U T E  OF TECHNOLOGY/JET P R O P U L s l o N  LAB PASADENA, CALIF@ 
SPS 37-28 VOL IV ,  SUPPORTING RESEARCH AND ADV NCED DEVELOPMENT; AUG 1964, 
CONTRACT NAS 7-100. C I T  SPS 37-28 v , h  (TL 4U8857) 
DARTMOUTH COLLEGE, HANOVER, N,H, 
TWO PHASE FLOW RESEARCH A T  DARTMOUTH COLLEGE, BY G.8, w 
e 
W REG I MES e 
EHRICH, FREDRIC F, 
THE HYDRODYNAMfCS OF FLOW REGULATION, PHD DISSERTATION, MIT  1951. (TL TC171 EHR) 
GENERAL ELECTRIC CO. 
COMBUSTION ~ N S T A B I L ~  TY E X P E R t E N C E j  JUL 1963, (CPIA 6k-63) CONTAINS DETAf LED 
STUDY OF FLOW THROUGH O R l F  
HANFORD ATOMIC PRODUCTS OPERATION, RICHLAND, 
PRESSURE OROP CHARACTERISTICS OF TWO ECCE L L Y  P O S I T I O N E D  ORDFlCES I N  
S E R I E S  I EFFECT OF ECCENTRICITY, SPACING OF O R l F l C E S  F THE O R I F I C E  TO 
(~65-10716 )
PIPE DIAMETER RATIO, B Y  JAMES D, AZAR; 1965~ (M,S, S )  R L - - 3 - 3 1 .  
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INSTRUMENT SOCIETY O f  AMERICA, PITTSBURGH, PA. 
FLOW MEASUREMENT STANDARDIZATiON, B Y  T,J, FILBAN; 1964. 1 %  PP-12.2-4~4. 
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A MASS FLOW RATE METER B Y  B.J. CARR. CONTRACT ~~04(611)-07423. (TL 5U50@) 
KN-61-672(FR) AD 461 458. 
LOCKHEED-CALIFORNIA Co, BURBANK, CALIF. 
THE EFFECT OF NON-STANDARD APPROACH SECTIONS ON O R I F I C E S  AND VENTURI METERS, 
BY P.S. STARRETT; JUN 1964. t@sA CR-g&jb9-LR-179@. (~64-28959) 
LOCKHE ED A I RCRAFT CORP . , 
LIQUID INJECTION THRUST VECTOR CONTROL EFFECTIVENESS, B Y  J. HIRZINGA; 
AUG 1961 . L M S C / & O ~ ~ ~ ,  (TL k7271) 
LOCKHEED A I RCRAFT Co., HUNTSVI LLE, ALA. 
SECONDARY INJECTION THRUST VECTOR CONTROL STUDY. VOL. I I : TEST DATA AND 
APPENDIXES, TECHNICAL MEMORANDUM, 1 JUL - 31 DEC 1963, BY WOE, WHITACRE 
AND OTHERS; 28 FEB 1964. CONTRACT NAS 8-11077. LAC LMSC TM-$!/Ol-b 
V.2 CONF. (TL 5c2189) 
MASSACHUSETTS INST. OF TECH., CAMBRIDGE, MASS. 
BASIC RESEARCH AND DEVELOPMENT I N  F L U I D  POWER CONTROL FOR THE U%F; 
M I T-DME -R-@9& 1 , JAN 1962, ASO-TOR-62-5 13 . ( TL 3 UOOg 1 ) 
MASSACHUSETTS INST. OF TECH., CAMBRIDGE, MASS. 
BASIC APPLIED RESEARCH IN FLUID POWER CONTROL; DEc 1962. MIT -DE R-&&2. 
(TL 3~2964)  
MASSACHUSETTS INST. OF TECH., CAMBRIDGE, M S S ,  
BASIC APPLIED RESEARCH I N  FLUID POWER CONTROL. 
ASO-TDR-63-609 (TL 3~8791) 
JUL 1963. MIT-EPL R-8998-4, 
MASSACHUSETTS INST. OF TECH., CAMBRIDGE, MASS. 
FOURTH SEMIANNUAL PROGRESS REPORT, COVERING PERIOD 1 DEC 1964 - 31 MAY 1965; 
JUN 1965. GRANT No, NsG-496. MIT  PR-9826-4 (TL 5U6900) 
MASSACHUSETTS I NS T. OF TECH . , CAMBR I DOE , MASS, 
THRUST OF A SMALL ORIFICE A T  LOW REYNOLDS NUMBERS, BY G.R. OFFEN; 1961. 
(TL 3 @ 9 W  
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MASSACHUSETTS INST. OF T m t i e 9  CAMBRIDGE, MASS. 
MEASUREMENT OF VORTEX SCPARATION, PART 1 .  TWO-DIMENS lONAL CIRCULAR AND 
ELLIPTIC BODIES,  BY L R I C  G. FRIBERG; AUG 1965, ~ ~ - 1 1 4 ,  AD 428 578. 
(~66-22464) 
M ~ C H I G A N  UNIV., ANN ARBOR, MICH. 
GAS~ENTRAINMENT EFFECTS ON C A V I T A T I O N  NUMBER I N  MERCURY I N  1/2" VENTURI TO 
400 F, BY F.G. HAMMI TT; R-06110-7-1. (N65-231355) 
MICHIGAN UNIV,, ANN ARBOR, MICH, 
HIGH SPEED MOTION PICTURE STUDIES OF FLOW I N  A C A V I T A T I N G  VENTURI, B y  
J.F, CRAMER AND OTHERS; APR 1962. (~62-12458) 
MICHIGAN UNIV., ANN ARBOR, MICH. 
OBSERVATIONS AND MEASUREMENTS OF FLOW I N  A C A V I T A T I N G  VENTURI, BY FOG, H A M M l t T  
AND OTHERS; APR 1962. R-03124-5-T (~62-1h020) 
MINNESOTA UNIV,, MINNEAPOLIS, MINN. 
AIR-WATER MIXTURE FLOW THROUGH ORIF ICES,  BENDS, AND OTHER F I T T I N G S  I N  A 
HORIZONTAL PIPE; SEPT 1960, MINNU SAFHL PR-63 (TL 1-4966) 
MOTOR 1ND. RES. ASSOC., LINDLEY, ENG. 
SOME OBSERVATIONS ON FLOW I N  SPRAY NOZZLES, BY E, G ~ F F E N  AND B.S., M S S E Y ;  
JUL 1950. MlRA R-1950/5. (5U285O) 
NATIONAL ADVISORY COMMJ TTEE FOR AERONAUTICS, WASH,, D,C. 
A N  INVESTIGATION OF THE COEFFICIENTS OF DISCHARGE OF LIQUIDS THROUGH SMALL 
ROUND ORIFICES, BY W.F. JOACHIN; 1927, R-224, (TL k8648) 
NATIONAL AERONAUTICS & SPACE ADM., WASH,, D,C. 
ANALYTICAL I N V E S T I G A T I O N  O F  F L U I D  A M P L I F I E R  DYNAMIC CHARACTERISTICS. VOL.  1 1 ,  
BY D.L. LETHAN (SPERRY UTAH CO.); JUL 1965. CONTRACT NAS 8~1236 .  
NASA CR-245 (TL 5~5738) 
NATIONAL AERONAUTICS & SPACE ADM,, WASH., 0,C. 
CAVITATION AND E F F E C T l V E  LIQUID TENSION OF NITROGEN IN A TUNNEL VENTURI, BY 
ROBERT s, RUZGERI AND THOMAS GELDER; FEB 1964, NASA TN-D-2088, (~64-15160) 
(TL 4u2775) 
NATIONAL AERONAUTICS & SPACE ADM,, WASH., DOC, 
CONTRIBUTION TO THE THEORY OF J E T  ATOMIZATION, BY G, S I T K I R ;  
ACTING ON A L l Q U l D  JET, 
OCT 1963. 
NASA-TT-F-129. (TL kUOl l0)  ( C P I A  63-2401 ) EXTERNAL 
T ~ O N A L  AERONAUTICS & SPACE AoM,, WASH.,, DOC. 
C R I T I C A L  CONDITIONS FOR DROP AND JET S H A T e R I N G ,  BY GER LD MORRELL; 
TN-0-677. (N62-71251) (TL 1-3029) 
FEB 1961. 
NATIONAL AERONAUTI cs & SPACE ADM, , WASH,, DOC, 
DISCHARGE COEFFICIENTS OF SWIRL INJECTORS, BY R,B EDOR, TRANS, FROM THE 
Russ IAN. NASA TT-F-9726. (~65-36761) 
NATIONAL ADVISORY COMMI TTEE FOR  AERONAUT^ cs, W 
EFFECT OF ORIFICE LENGTH-DIA 
GELALLIS; OCT 1930, TN-352 (TL 4UB32) 
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NATIONAL AERONAUTICS & SPACE ADM., WASH., DOC. 
BY MOR. L'ECUYER AND S,N.O, MURTHY (PURDUE UNIV.); 
NsG-140-61. NASA TN 0-2547 (TL 5U1337) 
ENERGY TRANSFER FROM A L I Q U I D  TO QAS BUBBLES FORMING A T  A SUBMERGED O R I F I C E ,  
JAN 1965. GRANT No, 
NATIONAL AERONAUTICS & SPACE ADM., WASH., D.C. 
EVALUATION OF FLUID MASS FLOWMETERS, BY LEWIS C. THOMPSON; 
NASA-TM-X-53065 (~64-06968) 
JAN 1964. 
NATIONAL ADVISORY COMMi TTEE FOR AERONAUTICS, WASH., D.C. 
FRICTION C O E F F I C ~ E N T S  IN THE INLET LENGTH OF SMOOTH ROUND TUBES, BY A.H. 
SHAPIRO AND R. 0. SMITH; Nov 1948, TN 1785 (TL 3U5712) 
NATIONAL AERONAUT~CS & SPACE ADM., WASH., D.C. 
I N C ~ P I E N T  C A V I T A T I O N  OF ETHYLENE GLYCOL I N  A TUNNEL VENTURI, BY R.S. 
RUGGIN AND OTHERS; MR 1965. NASA TN-D-2722 (~65-18217) (TL 5U2385) 
NATIONAL AERONAUTICS & SPACE ADM., WASH., DOC. 
I N C I P I E N T  C A V I T A T I O N  OF FREON-114 I N  A TUNNEL VENTURI, BY THOMAS GELDEN AND 
OTHERS; FEB 1963. (NASA TN-D-2662) (~65.16586) (TL 5~2332) 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, WASH., DOC. 
INVESTIGATION OF FLOW COEFFICIENTS OF CIRCULAR, SQUARE, AND ELLIPTICAL ORIFICES 
A T  H I G H  PRESSURE RATIOS, BY E.E. CALLAOHAN AND DOT. BOWDEN; SEP 1949. 
N ~ C A  TN-1947, (TL 7~0598) 
NATIONAL AERONAUTICS & SPACE ADM., WASH., D.C. 
LIQUID HYDROGEN FLOWMETER CALIBRATION FACILITY; PULIMINARY CALIBRATIONS ON 
OCT 1961 . TN -0-577. (TL 1-7637) SOME LEAD-TYPE AND TURBINE TYPE FLOWMETERS, BY H.L. MINKIN AND H.T. HOBART; 
NATIONAL AERONAUTICS & SPACE ADM., WASH., DOC, 
MEASUREMENT OF EFFLUX PATTERNS AND FLOW RATES FROM C Y L I N D R I C A L  TUBES I N  FREE 
MOLECULAR AND SLIP FLOWS, BY HARLEN COOK AND E.A. RICHLEY; 
0-2480, (TL 4 ~ 6 1 6 )  
SfP 1964, TN- 
NATIONAL AERONAUTICS & SPACE ADM., WASH., DOC, 
PERFORMANCE OF TURBl NE-TYPE FLOWMETERS I N  L I Q U I D  HYDROGEN, B Y  
DEc 1966. TN-D-3770 (TL 7UO6OO) 
NATIONAL ADVISORY COMMI T E E  FOR AERONAUTICS, WASH., D,C. 
STANDARDS FOR DISCHARGE MEASUREMENT w I TH STANDARD !ZED NOZZLES 
GERMAN INDUSTRIAL STANDARD; SEP 1940. TM 952 (TL 8232) 
NATIONAL AERONAUTICS & SPACE ADM., WASH., D,C. 
STUDY O F  F L U I D  TRANSIENTS I N  CLOSED CONDUITS, I N T E R I M  REPORT, 
AND OTHERS (OKLAHOMA STATE UNIV.); 18 MAR 1965. CONTRACT N 
NASA CR-62716 (x65-05241) (TL 5~7613) 
AND ORIFICES.  
BY E.C. FITCH 
S 8-11302. 
N A T ~ O N A L  BUREAU OF STANDARDS, BOULDER, COLO, 
A PRELIMINARY STUDY OF THE ORIFICE FLOW CHARACTERISTICS OF L N ~ N D  LH2 
DISCHARGING INTO A VACUUM, B Y  JAMES A, BRENNAN, PRESENTED A T  CRYOGENlC 
ENGINEERING CONF.; 1963. (~64-15880) 
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NAVAL A I R  TURBINE TEST STATION, TRENTON, N.J. 
THE USE OF MOMENTUM EFFECTS I N  LIQUID FLOW MEASUREMENT, BY G.F. BATTISTA;  
AUG 1963 . NATTS-ATL-TN-26 AD 420 226 (~64-31703) 
NAVAL BOILER & TURBINE  LAB.^ PHILADELPHIA,  PA, 
FLOW MEASUREMENT, FINAL REPORT, BY C. GREGORY; JUN 1966. FR-66-6. 
(TL 6u5967) 
NAVAL BOILER AND TURBINE LAB., PHILADELPHIA,  PA. 
FLOW METERING, F I N A L  REPORT BY c ,  GREGORY; OCT 1963. (TL 6~3380) 
NAVAL ORDNANCE TEST STA., CHINA LAKE, CALIF. 
EXPERIMENTAL I N V E S T I G A T I O N  O f  INJECTOR D E S I G N  CONSIDERATIONS FOR L I Q U I D  
INJECTION THRUST VECTOR CONTROL, BY L.M. HORGAN; 
-8420 CONF. (NOTS TP-3362) (TL 5c8239) 
JUN 1965. NOTs NAWEPS 
NAVAL ORDNANCE TEST STA., CHINA LAKE, CALIF. 
FEASIBILITY STUDY AND DEMONSTRATION OF VARIABLE-THRUST PROPULSION FOR A 
SOFT LANDING VEHICLE, BY F. WILLIAMSON; JAN 1963. NOTs TP 2901. 
(cPIA 63-495). VARIABLE AREA INJECTOR 
F-1 QUARTERLY PROGRESS REPORT. QPR-19 R-1555-19. (CPIA 63-2397) (TL 4~1810) 
NORTH AMERICAN A V I A T ~ O N / R O C K E T D Y N E ~  CANOGA PARK, CALIF. 
BAFFLED I NJECTORS EMPLOY I NG 5u OR I F  I CE ARRANGEMENT. 
NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, CALIF. 
NORTH AMER I CAN Av I A T I ON/ROCKE TOY NE, CA NOGA PARK, CA L I F . 
F-1 QUARTERLY PROGRESS REPORT; APR 1964, M A - R  R-1555-21 (TL 5707) 
F-1 ENGINE SYSTEM, BI-MONTHLY PROGRESS LETTER, 1 AUG - 30 SEP 1964; 14 OCT 
196% CONTRACT NAsw-16. NAA-R R-6kc16997 CONF. (n 6~4843) 
NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, CALIF. 
F-1 ENGINE SYSTEM, 81-MONTHLY PROGRESS  LETTER^ 1 DEC 1964 . 31 JAN 1965; 
15 FEB 1965. CONTRACT NASw-16. NAA-R R-65x2336 CONF, (TL 6~4846) 
F-1 ENGINE SYSTEM, BI-MONTHLY PROGRESS LETTER, 1 FEB - 31 MAR 1965; 
MAR 1965. CONTRACT WSW-16. NAA-R 6 5 ~ ~ 6 0 2 8  CONF.  (TL 6~4740) 
NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, C A L I F .  
31 
NORTH AMER I CAN Av I A TI ON/ROCKE TDYNE, CA NOGA PARK, CALI F . 
F-1 ENGINE SYSTEM, BI-MONTHLY PROGRESS LETTER, 1 JUN 
1965. CONTRACT NASW-16. M A - R  R-65RC12809 CONF, (TL 6~4847) 
31 JUL 1965; 20 AUG 
NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, CALIF, 
F-1 ENGINE SYSTEM, BI-MONTHLY PROGRESS LETTER, 1 JUN - 31 JUL 1966; 19 AUG 
1966. NAA-R R - 6 6 R ~ I O 2 6 6  CONF. (NASA cR-80496) (x67-10831) (TL 762236) 
NORTH AMERICAN AV IATION/f?OCKETDYNE, CANOGA PARK, CALIF. 
HIGH ENERGY STORABLE LIQUID PROPELLANT SYSTEM; Nov 1962. NAA R-3701-2. 
(cPIA 63-11) (TL 360222). EIGHT INJECTION TYPES STUDIED. 
NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, CALIF. 
H ~ G H  ENERGY STORABLE L I Q U I D  PROPELLANT SYSTEM. VOL0 1 ,  BY R,A, BYRON; 
JAN 1964, NAA-R R-3982-1 v.1 (TL 4~5565) 
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NORTH AMERICAN AVIATION/ROCKETDYNE, CANOGA PARK, CALIF. 
J-2 PROGRAM, QUARTERLY PROGRESS REPORT; JAN 1963, NAA-R R-2600-9. 
(TL 3~4385)  
OAK RIDGE NATIONAL LAB., TENN, 
A COMPUTER PROGRAM FOR FLOW CALCULATIONS, BY E.G. DAVISSON; FEB 1965. 
ORNL-TM-1093 . (~66-18192) 
OKLAHOMA UNIV., NORMAN, OKLA. 
STUDY OF FLUID TRANSIENTS IN CLOSED CONDUITS, BY R.M. STUNTZ 
APR 1965. CR-62913 (~65-05862). ANALYSIS OF BEHAVIOR OF ORIFICE FLOW UNDER 
(M.S. THESIS) 
TRANS I E N T  CON0 I TIONS. 
PENNSYLVANIA STATE UNIV., UNIVERSITY PARK, PA. 
FLOW D I S T R I B U T I O N S  I N  A CONFINED VISCOUS VORTEX, BY T, GINSBERG; APR 1966. 
CON TRACT NOW-65-01 23-0 . TM-605-2621 -04, AD 632 465 (~66.30247) 
PENNSYLVANIA STATE COLLEGE, STATE COLLEGE, PA. 
PENETRATION OF O I L  SPRAYS, BY P.H. SCHWEITZER; 5 JUL 1937. PENNSU EES- 
BULL.& (PENNSU BuLL.V.~~ ~0.29) (TL 5~6985) 
PENNSYLVANIA STATE COLLEGE, STATE COLLEGE, PA. 
PENETRATION OF OIL SPRAYS; MATHEMATICAL SUPPLEMENT, BY P.H. SCHWE ITZER; 
JUL 1937. PENNSU E E s - B u L L . ~ ~  SUPPL. (PENNSU BULL. v.3~ No.29 SUPPL) 
(TL 569%) 
PENNSYLVANIA STATE UNIV., UNIVERSITY PARK, PA. 
VORTEX CONTROLLED MULTIFUEL COMBUSTION, FINAL REPORT, BY D.A. WILLIS AND 
WOE. MEYER; OCT 1963. AD 437 273 (N64-20157) 
PICATINNY ARSENAL, DOVER, N.J. 
LRPL QUARTERLY PROGRESS REPORT; SEPT 1963. QPR-363, (cPIA 63-2718) 
(TL 4c0370) 
PICATINNY ARSENAL, DOVER, N.J. 
VACFLO: L I Q U I D  ENGlNE THROTTLING CONCEPT USING V A R I A B L E  AREA INJECTOR AND 
SEPARATE FLOW CONTROL VALVES, 6 Y  W.F. LEHMAN AND R.J. BALDWIN; FEB 1965. 
TR-3230 (CPIA 65-663) (TL 5~3456) 
PRATT & WHITNEY AIRCRAFT, WEST PALM BEACH, FLA. 
ADVANCED THROTTLING CONCEPTS STUDY, TECHNICAL REPORT NO, 2. JUL 1$4. 
CONTRACT ~~0b(611)-9575. FWA FR-10% RPL l D R  64-127 (TL 4C8847) 
PRATT & WHITNEY AIRCRAFT, WEST PALM BEACH, FLA. 
ADVANCED THROTTLJ NG CONCEPTS STUDY; SEP 1964, FWA FR-1 108, RPL-’ff?-64-144, 
(CPIA 65-666) (TL 5COl30 )  
PRATT & WHI TNEY AIRCRAFT, WEST PALM BEACH, FLA. 
ADVANCED THROTTLING CONCEPT STUDY, F I N A L  REPORT; 19 MAR 1g5. CONTRACT 
~~04(611)-9575. WA FR-1279 CONF. (RPL TR-65-98) (TL 5c go) 
PRATT & WHI TNEY A IRCRAFT, WEST PALM BEACH, FLA. 
HIGH ENERGY ADVANCED THROTTLING CONCEPT STUDY TECHNICAL REPORT, 1 OCT - 
31 OEC 1964; 30 JAN 1965, CONTRACT AF0h(611j-9965m FV~A FR-1250 CONF. 
(RPL TR-65-52) (TL 5C2773) 
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PRATT & WHITNEY AIRCRAFT, WEST PALM BEACH, FLA. 
HIGH ENERGY ADVANCED THROTTLING CONCEPT STUDY; Nov 1965. PWA FR-1562 
RPL-TR-65-214 ( C P I A  66-36) (TL 5C8543) 
PRATT & WHITNEY AIRCRAFT, WEST PALM BEACH, FLA. 
RL70 ROCKET ENGINE; JUN 1963. WA-FR-716. (CPIA 63-1537) (TL 4~6193) 
DESCRIBES FUEL O R I F I C E S  AND FLOW CHARACTERISTICS. 
PRATT & W H I T N E ~  AIRCRAFT, W E S T  PALM BEACH, FLA. 
RL10 ROCKET ENGINE; AUG 1963. PWA RF 7@. (CPIA 63-2227) (TL kR10) 
SCREW IN CONE ORIFICE FLOW CHARACTERISTIC. 
PRINCETON UNIV., PRINCETON, N.J. 
STUDY OF lNJECTOR SPRAY CHARACTERISTICS I N  A SIMULATED ROCKET COMBUSTION 
CHAMBER INCLUDING LONG1 TUDINAL MODE PRESSURE OSCILLATIONS, BY DENNIS A. GARY; 
JUN 1966. NASA CR-76372. (~66-31361) 
REACTION MOTORS DIV., DENVlLLE,  N.J. 
DESIGN c R I  E R l A  FOR ADVANCED PROPELLANT SYSTEMS. QPR-63/1, RW 'j013-Q3 
(TL 3c5433) 
REACTION MOTORS DIV., DENVILLE, N.J. 
RADIALLY DISTRIBUTED ANNULAR COMBUSTOR FOR PACKAGED LIQUID ROCKET ENGINE; 
RADARC, F I R S T  QUARTERLY REPORT, 1 MAY - 16 AUG 1965, BY DOT. ALBANESE; N.D. 
CONTRACT NOw 65-0540-C. RMQ R-60 4-Ql CONF, (TL 3C7591C) 
ROCKET PROPULSION LAB., EDWARDS AFB, C A L I F .  
AEROSPACE F L U I D  COMPONENT DESIGNERS HANDBOOK. VOL. 1; MAY 1964. RPL- 
TDR-64-25. (TL 9014) 
ROCKET PROPULSiON LAB., EDWARDS AFB, C A L I F ,  
EVALUATION O F  TWO MULTIELEMENT CAPILLARY TUBE INJECTORS, BY G.M. HESS. 
AFRPL-iR-66-78 AD 488 682 (TL 6~6040) 
ROCKET PROPULSION LAB., EDWARDS AFB, CALIF. 
AUG 1963. RTD-TDR-63-1071. (TL k1126) 
ULTRA LOW PRESSURE SPARE ROCKET COMBUSTION PERFORMANCE INVESTIGATION;  
ROCKET PROPULSlON ESTABLISHMENT, G R E A T  BRITAIN 
SOME B A S I C  STUDIES OF L I Q U I D  PROPELLANT i N J E C T l O N  PROCESSES; MAY 1962. 
TM 253, (CPIA 63-231) 
SOCIETY OF AERONAUTICAL WEIGHT ENG. 
FLOW MEASUREMENT I N  ROCKETRY OR (WE I G H T  MANAGEMENT THROUGH FLOW MEASUREMENT), 
BY K. BOWERS AND OTHERS; MAY 1961 . SAWE P-279 (TL 1-7624) 
SOUTHERN C A L I F .  UNIV., LOS ANGELES, C A L I F .  
PRESSURE L A G  THROUGH O R I F I C E S  AND SHORT TUBES FOR SMALL PRESSURE R A T I O S  
AND FLOW CONDlT lONS FROM FREE MOLECULE TO CONTINUUM, B y  JOG. EVERTON AND 
OTHERS; JAN 1962. USCEC R-@-211, AFOSR-2360 (~62-11528) 
SPACE TECHNOLOGY LABS., Los ANGELES, CALIF. 
TITAN I I  DESIGN DATA BOOK. VOL. I l l  WS 10 C, BY B O Z ~ D A R  KRALEVICH; 
AUG 1962. STL-R-611 0-7263-TC-001. (TL 4C A 130) 
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TEXAS TECHNOLOGICAL COLLEGE, LUBBOCK, TEXAS 
DIMENSIONAL A N A L Y S I S  S I M P L I F I C A T I O N  OF VENTURI M E n R  COMPUTATIONS, By 
JOHN FINIS FRAZIER; MAY 1965 (M.S. T H E S I S )  AD 611 792 ( ~ 6 5  23123) 
(TL 5~4862) 
TEXAS TECHNOLODICAL COLLEGE, LUBBOCK, TEXAS 
S I M P L I F I C A T I O N  OF FLUID-FLOW COMPUTATIONS FOR O R I F I C E  METERS, By EUGENE 8. 
(M.S. THESIS) CONTRACT AF33(608)-1119. AD 611 790 
THIOKOL CHEMICAL CORP., HUNTSVILLE, ALA. 
ADVANCED THRUST CHAMBER ASSEMBLY PROGRAM. R M D - ~ ~ - = Q ~ O  (CP I A  66-31 ) 
(TL 5c7723 1 
THIOKOL CHEMICAL CORP.9 HUNTSVILLE, ALA. 
CONTROLLABLE THRUST CHAMBER STUDY PROGRAM, TASK 
He FIRGEL. RMD 600kQ2, (CPIA 63-1002) 
THIOKOL CHEMICAL CORP., HUNTSVILLE, ALA. 
CONTROLLABLE THRUST CHAMBER STUDY PROGRAM. TASK 
VARIABLE AREA VORTEX INJECTOR. 
OCT 1962, RMD 6020.~ (CPIA 63-673). v.1 (TL 2 
1 ,  BY G, HUSON AND 
I I1 VARI TEX PROTOTYPE; 
2924) v.2 (TL 2-2925) 
THIOKOL CHEMICAL CORP., HUNTSVILLE,  ALA. 
OPTIMUM D E S I G N  I N V E S T I G A T I O N  O F  SECONDARY I N J E C T I O N  THRUST VECTOR CONTROL 
SYSTEMS, BY L.H. ERICKSON; MAR 1962. (TL 2-2489) 
THIOKOL CHEMICAL CORP., HUNTSVILLE, ALA. 
RADIALLY D I S T R I B U T E D  ANNULAR COMBUSTOR FOR PACKAGED L I Q U I D  ROCKET ENGINES 
AD 354 @8 (x65-11448) (TL k9791) 
(RADARC STATE OF THE A R T  PROGRAM), BY LOW, GOLDBERG; 1964, RMD-60384-1, 
TRW SPACE TECHNOLOGY LABS. 
AEROSPACE FLU ID COMPONENT DES I GNERS HANDBOOKS; MAY 1964, RPL-TDR-64-25. 
(TL 4~9014) 
TFW INC., CLEVELAND, 0. 
DIRECT BLEED SECONDARY I N J E C T I O N  THRUST VECTOR CONTROL SYSTEM FOR LARGE 
SOLID PROPELLANT BOOSTERS. VOL I I I, APPD. TRwi ER-5767 v.3, RPL TOR- 
64-29 v.3 (TL 4~6181) 
TOKYO UNIV., JAPAN 
EFFECT OF SHAPE OF DISCHARGE VALVE ON THE CUTOFF OF FUEL SPRAY I N  I N J E C T I O N  
SYSTEMS W I T H  OPEN NOZZLES, BY FUJIO NAKANISHI; JUN 1966. (N66-38834) 
TOKYO UNIV,, JAPAN 
ON THE SPRAY EFFECT O F  P l P E  BORES ON THE CUTOFF OF FUEL SPRAY I N  I N J E C T I O N  
SYSTEMS WITH OPEN NOZZLES, BY FUJIO MAKANISHI; JUN 1966. (N66-38@3) 
U N I  TED TECHNOLOGY INC., 
ADVANCED THROTTL I NG CONCEPTS ; F E 6  1964. UTC 2073-QTRl RPL-TDR-64-51 . 
(CPiA-64-542) (TL k5640) 
U N I  TED TECHNOLOGY CENTER, SUNNYVALE, CALIF .  
DUAL-MANIFOLD INJECTOR RESEARCH PROGRAM, QTPR-1 ; OcT 194. CONTRACT NOw 
64-0659~ , UTC 21 01 -QPR-l (TL k9794) 
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UNITED TECHNOLOGY CENTER, SUNNYVALE, CALIF. 
I N V E S T l G A T i O N  OF FUNDAMENTAL PHENOMENON I N  HYBRID PROPULSION, BY J. 




FLOW MEASUREMENT AND CONTROL HANDBOOK; 1966, (TL 7U3O14) 
&IN,  W l L L l A M  ALLEN 
CHARACTERISTICS OF CIRCULAR O R l F i C E S  I N  THE MEASUREMENT OF VISCOUS L I Q U I D S ,  
M.S. THESIS; 1937. (TL QA 929 B A I )  
BENSON, J.M. 
TES7ING SMALL ORIFICES,  6 Y  JeMe BENSON AND CHARLES E. HAWK I N  INSTRUMENTS 
AND CONTROL SYSTEMS; JUN 1960, (TL 2~8130) 
81 NDE R, RAYMOND 
FLUID MECHANICS. ENGLEWOOD CLIFFS, PRENTICE HALL, 1962, (TL QC 151 BIN-1) 
CLARK, W,J, 
FLOW MEASUREMENT B Y  SQUARE EDGED O R I F I C E  PLATE USING CORNER TAPPINGS, 
PERGAMON, 1965, 
FOWLER, ROT. 
THE FLOW OF GRANULAR S O L I D S  THROUGH ORIFICES.  R E P R ~ N T  FROM CHEMICAL 
ENGINEERING SCIENCEt  V.10, ~~.150.-6. (TL 2u8797) 
KATYS, G,P, 
CONTINUOUS MEASUREMENT OF UNSTEADY  FLOW^ PERGAMON, (TL TC 177 K A T )  
A IRCRAFT HYDRAULIC DESIGN. APPLIED HYDRAULICS, 1957. (TL TL673,2 K E L )  
/ 
KELLER, GERoGE R, 
LINFORD, A, 
FLOW MEASUREMENT AND METERS. 2ND ED,, LONDON, SPON,, 1 9 6 ~  (TL TJ 935 L I N )  
REDDING, T,H. 
A BIBLIOGRAPHICAL SURVEY OF FLOW THROUGH ORIFICES AND PARALLEL THROATED 
NOZZLES. CHAPMAN AND HALL, LONDON, 
SPIRK, L,K, 
P R I N C I P L E S  AND PRACTICE OF FLOW METER ENGINEERING, ~ T H  ED., F o X 6 o R o  CO., 
1958, (TL TJ 935 SPI )  
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ABSTRACT 
Both contoured and sharp-edged o r i f  ices have been evaluated. Their  
primary d i f f e r e n c e s  occur i n  t h e  stream c o n t r a c t i o n  c o e f f i c i e n t  a t  t h e  vena 
c o n t r a c t a  as shown schematical ly  i n  Figure B 1 .  Furthermore, the sharp-edged 
o r i f i c e  can e x h i b i t  e i t h e r  a t t ached  flow a t  a high s ta t ic  p res su re  recovery 
f a c t o r  as mentioned later o r  with detached flow a t  n e g l i g i b l e  recovery. Each 
of t hese  o r i f i c e s  i n  t u r n  are a f f e c t e d  by impingement angle ,  flow o r i e n t a t i o n  
angle ,  and c ross  v e l o c i t y  which affect  t h e i r  o r i f i c e  en t r ance  cond i t ion  (vena 
con t r ac t a )  and e f f e c t i v e  momentum due t o  c ros s  v e l o c i t y .  
a f f e c t s  t h e  rate of s t a t i c  p res su re  recovery,  f r i c t i o n a l  p re s su re  l o s s ,  and 
flow re-establishment i n  asymmetrical flow. No r e a d i l y  i d e n t i f i a b l e  e f f e c t  
could b e  a t t r i b u t e d  t o  back p res su re  except t he  suppression of c a v i t a t i o n  
and t h e  occurrence of hydrau l i c  f l i p .  
t h e  poss ib l e  flow i n t e r a c t i o n  e f f e c t s  is  shown i n  Figure B2. 
i n d i c a t e s  t he  ranges of test  v a r i a b l e s  considered i n  t h i s  program. 
The o r i f i c e  L/D 
A conceptual schematic diagram of a l l  
Figure B2 a l s o  
I. CONTOURED ORIFICES 
A contoured o r i f i c e  implies  t h a t  t h e  f l u i d  s t r eaml ines  must always 
remain at tached and flow p a r a l l e l  t o  t h e  o r i f i c e  w a l l .  
t h e  p o s s i b l e  ex i s t ence  of a vena con t r ac t a ,  t he  only phys ica l  mechanism which 
can poss ib ly  reduce t h e  e f f e c t i v e  o r i f i c e  c ros s  s e c t i o n a l  area must be  a t t r i -  
buted t o  f r i c t i o n .  The f i n i t e  f l u i d  v i s c o s i t y  r e s u l t s  i n  l o c a l  viscous drag 
i n  the proximity of t h e  o r i f i c e  w a l l s  which tends t o  d e c e l e r a t e  t h e  f l u i d  
v e l o c i t y  near  t h e  w a l l s  and restrict  f lowrate .  
Since t h i s  negates  
Applicat ion of t h e  boundary l a y e r  equations near  t h e  w a l l  l e ads  t o  t h e  
s o l u t i o n  der ived i n  Sec t ion  I11 below. The viscous e f f e c t s  r e s u l t  i n  an 
e f f e c t i v e  o r i f i c e  area reduc t ion  ( con t r ac t ion  c o e f f i c i e n t )  which is  determined 
by t h e  boundary l a y e r  displacement thickness .  
charge c o e f f i c i e n t  is equal  t o  t h e  con t r ac t ion  c o e f f i c i e n t :  
For t h i s  s p e c i a l  case t h e  d i s -  
* 2  
IT CRo - 6 1 6* 2 
RO 
= [ l -  -1 2 c d = c  = C n R  
0 
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By inspec t ion  i t  is  shown t h a t  t h e  discharge c o e f f i c i e n t  i s  reduced by: 
1. Long L/D 
2. Low Reynolds number 
a. Low f l u i d  d e n s i t y  
b. High v i s c o s i t y  
c. Small o r i f i c e  diameter 
d. Low o r i f i c e  AP 
I f  viscous e f f e c t s  w e r e  t h e  only in f luence  upon C 
d e f i n e  unique s o l u t i o n s  dependent only upon f l u i d  d e n s i t y  and v i s c o s i t y ,  
o r i f i c e  l eng th  and diameter and p res su re  drop. 
c r o s s  v e l o c i t y  (Vc) a l s o  in f luences  t h e  e f f e c t i v e  p o t e n t i a l  a v a i l a b l e  a t  t h e  
o r i f i c e  i n l e t .  
i t  would be p o s s i b l e  t o  d 
However, t h e  upstream channel 
For design purposes, C i s  always c a l c u l a t e d  based upon static p r e s s u r e  d 
d i f f e r e n t i a l .  However, t h e  o r i f i c e  f lowra te  is  determined by t h e  s t a g n a t i o n  
p res su re  along t h e  o r i f i c e  a x i s .  Thus, t h e  s t a t i c  AP's must be modified by 
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t h e  component of the c ross  v e l o c i t y  momentum p a r a l l e l  t o  t h e  o r i f i c e  a x i s  
= AP + 1 / 2  p Vc2 s i n 2  0 cos $) i n  o rde r  t o  a s s u r e  a real is t ic  cor- (*'stag S 
r e l a t i o n  of t h e  empi r i ca l  da t a .  
Conceptually, the viscous e f f e c t  and momentum e f f e c t  are t h e  two p r i -  
mary in f luences  upon C of contoured o r i f i c e s .  I f  t h e s e  were t h e  only e f f e c t s  
i t  would b e  p o s s i b l e  t o  mathematically c a l c u l a t e  Cd without  t he  b e n e f i t  of 
empir ical  da t a .  
f i c e  r ad ius  determines t h e  r equ i r ed  r a d i a l  a c c e l e r a t i o n  f o r c e  r e l a t i v e  t o  t h e  
a x i a l  acce le ra t ion .  Consequently, even though the  flow remains a t t ached  t o  
t h e  ou te r  w a l l  a t  a l l  p o i n t s ,  a f i n i t e  v e l o c i t y  g r a d i e n t  is  s t i l l  p resen t  a t  
t h e  entrance plane w i t h  the  maximum a x i a l  v e l o c i t y  along t h e  o r i f i c e  a x i s  
(See Figure A3). Thus t h e  maximum C occurs  downstream of t h e  o r i f i c e  curva- d 
t u r e  t r a n s i t i o n  plane when t h e  v e l o c i t y  p r o f i l e  is more nea r ly  equal ized b u t  
be fo re  f r i c t i o n  l o s s  becomes s i g n i f i c a n t .  Limited d a t a  as w e l l  as a l i t e r a -  
t u r e  survey i n d i c a t e d  t h a t  t h i s  occurs approximately a t  L/D = 3.  
C decreases  due t o  f r i c t i o n .  I f  t h e  o r i f i c e s  of i n t e r e s t  are considerably 
longer ,  C must b e  decreased accordingly.  An empi r i ca l  f a c t o r  w a s  no t  
included f o r  L/D i n  t h e  c o r r e l a t i o n  because of inadequate experimental  data .  
d 
However, t h e  r a t i o  of t h e  entrance cu rva tu re  r ad ius  t o  o r i -  
The rea f t e r ,  
d 
d 
The e f f e c t  of f l u i d  p r o p e r t i e s  upon C w a s  experimentally v e r i f i e d .  d 
Comparison of ambient temperature water vs  heated water o r  heated p rope l l an t  
tests under i d e n t i c a l  condi t ions i n d i c a t e d  s l i g h t l y  h ighe r  C f o r  t h e  la t ter  
as a n a l y t i c a l l y  p red ic t ed .  However, t h i s  e f f e c t  is q u i t e  s m a l l  and can prob- 
ably b e  neglected except f o r  f l u i d s  whose p r o p e r t i e s  d i f f e r  r a d i c a l l y  from 
water. The a n a l y t i c a l l y  p red ic t ed  e f f e c t  of o r i f i c e  diameter upon C 
v e r i f i e d  because t e s t i n g  w a s  conducted f o r  constant  diameter o r i f i c e s .  How- 
ever, t he  c o r r e l a t i o n  i s  expected t o  b e  v a l i d .  According t o  p o t e n t i a l  flow 
theory Cd should b e  independent of AP. 
i nc reas ing  AP has long been recognized experimentally and t h i s  can be  
explained from boundary l a y e r  theory as ind ica t ed  above. 
d 
w a s  no t  d 
However, t h e  i n c r e a s e  of Cd w i th  
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Thus, the choice of significant correlating parameters was selected 
on the basis of analytical prediction. Numerical evaluation into these 
simplified mathematical models resulted in quantitative agreement to within 
approximately 5 3%, which is considered excellent for the simplified analyses. 
As the mathematical models are further refined for secondary effects it will 
be possible to obtain better accuracy, 
principles are adequately understood and slight adjustments were made in the 
empirical coefficients to obtain better curve fit of the experimental results. 
The contoured orifice correlation is believed to be accurate within approxi- 
mately - + 1% for most design considerations of interest. 
selected whose hydraulic characteristics vary significantly from water in a 
-0512 in. diameter orifice, the Reynolds Nos. should be normalized to the 
equivalent reference system prior to evaluating C 
correlation. 
In the interim, the basic hydraulic 
If designs are 
from the empirical d 
11. SHARP-EDGED ORIFICES 
Analytical calculation of discharge coefficients for sharp-edged ori- 
fices require re-evaluation of fundamental flow mechanisms in comparison to 
the contoured orifice. The most important factor to be recognized is the 
existence of flow detachment at the orifice entrance and the formation of a 
vena contracta of reduced stream diameter. Detailed comprehension of the 
vena contracta and subsequent flow characteristic behavior is required for 
the various possible operational modes. 
The flow separation and jet contraction coefficient at the vena con- 
tracts for a sharp-edged orifice can be calculated from potential flow theory 
using complex variable techniques (Ref. 1). 
C = T / ( T  + 2) = 0.611. Unfortunately, the analytical solution does not 
allow inference of the axial location of the vena contracts other than that 
the flow is uniform and parallel at infinity. 
is only of limited engineering interest, an approximate numerical solution 
It can be shown analytically that 
co 
Since the asymptotic solution 
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w a s  der ived as o u t l i n e d  i n  Sect ion I V ,  whose r e s u l t s  i n d i c a t e  t h e  vena con- 
tracts occurs approximately 1 / 4  t o  1 / 2  L/D from t h e  o r i f i c e  entrance as shown 
i n  Figure B4. 
This s o l u t i o n  should be  regarded as being prel iminary.  A s  i n  any o t h e r  
problem t h e  v a l i d i t y  of t h e  s o l u t i o n  must be evaluated i n  terms of t h e  r e a l i t y  
of t h e  mathematical assumptions. The assumption t h a t  t h e  e q u i p o t e n t i a l  sur-  
f aces  can be  adequately approximated by segments of s p h e r i c a l  s u r f a c e s  
r e q u i r e s  v e r i f i c a t i o n  as does t h e  assumed p o l a r  s t a t i c  p res su re  d i s t r i b u t i o n .  
For detached flow wi th  a vapor phase f l u i d  surrounding t h e  l i q u i d  j e t ,  t h e  
assumption t h a t  p re s su re  everywhere i n  t h e  detached f low c a v i t y  i s  equa l  t o  
t h e  static p res su re  a t  t h e  vena c o n t r a c t a  i s  v a l i d .  However, when a l i q u i d  
phase zone e x i s t s  i n  t h i s  c a v i t y  f o r  a t t ached  flow, a f i n i t e  p re s su re  g rad ien t  
must e x i s t  and boundary l a y e r  equations wi th  f r i c t i o n  must be s u b s t i t u t e d  f o r  
t h e  p o t e n t i a l  flow equations.  Further  refinements i n  t h e  a n a l y s i s  f o r  o r i f i c e  
s i z e ,  f l u i d  p r o p e r t i e s ,  s ta t ic  AP, cross-veloci ty ,  o r i f i c e  impingement angle  
and o r i e n t a t i o n  w i l l  probably i n d i c a t e  secondary e f f e c t s  t h a t  w i l l  a l ter  t h e  
l o c a t i o n  of t h e  vena c o n t r a c t a  plane.  
The in f luence  of o r i f i c e  entrance condi t ions upon t h e  con t r ac t ion  
c o e f f i c i e n t  a t  t h e  vena c o n t r a c t a  has  a very important e f f e c t  upon C For 
example, many sharp-edged o r i f i c e s  are d r i l l e d  from t h e  combustion gas s i d e .  
I f  a b u r r  protrudes back i n t o  t h e  i n j e c t o r  manifold i t  acts l o c a l l y  l i k e  a 
Borda's mouthpiece which has a t h e o r e t i c a l  C of 0.50. Whereas, i f  t h e  
entrance i s  s l i g h t l y  rounded, C 
depending upon t h e  r a t i o  of t h e  entrance curvature  r a d i u s  t o  o r i f i c e  r ad ius .  
Thus i t  is  important t o  b e  aware of t h e  e f f e c t  of real o r i f i c e  entrance con- 
d i t i o n s  upon C 
d' 
co 
may range anywhere between 0.611 and 1.00 e0 
d' 
I n  gene ra l ,  t h e  p o t e n t i a l  flow equations w e r e  solved from t h e  plenum 
t o  t h e  vena con t r ac t a .  
t h e  vena con t r ac t a .  
vena c o n t r a c t a  t o  s o l v e  t h e  o v e r a l l  s o l u t i o n  f o r  sharp-edged o r i f i c e s .  
A uniform v e l o c i t y  p r o f i l e  w a s  assumed t o  e x i s t  a t  
Boundary l a y e r  equat ions were used downstream of t h e  
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The phys ica l  assumptions of t h e  boundary l a y e r  model along wi th  t h e  
mathematical d e r i v a t i o n  of t h e  boundary l a y e r  s o l u t i o n s  w e r e  presented i n  
d e t a i l  i n  t h e  10s August Monthly Progress  Report 6925-M4 (Ref. 2) and 
the re fo re  w i l l  not  be repeated here.  
v e r i f i e s  t h e  ex i s t ence  of a f l u i d  r e c i r c u l a t i o n  zone which occupies t h e  
annulus between t h e  outermost streamline and o r i f i c e  w a l l .  
I n  essence,  t h e  mathematical model 
The maximum stream v e l o c i t y  occurs  a t  t h e  vena cont rac ta .  Downstream 
of t h e  vena con t r ac t a  t h e  flow dece le ra t e s  along t h e  ou te r  s t reaml ines  because 
of viscous e f f e c t s  and t h e  l o c a l  con t r ac t ion  c o e f f i c i e n t  must expand r a d i a l l y  
outward t o  s a t i s f y  t h e  s teady state flow con t inu i ty  equation. 
t h e  v e l o c i t y  decrease along t h e  ou te r  s t reaml ines ,  t h e  s t a t i c  pressure  
inc reases  ( recovers)  as k i n e t i c  energy once again is  converted back i n t o  
s ta t ic  pressure.  Therefore ,  t h e  minimum s t a t i c  pressure  occurs a t  t h e  vena 
con t r ac t a  followed by a pressure  recovery e f f e c t  downstream u n t i l  t he  o r i f i c e  
e x i t  p ressure  matches t h e  ambient exhaust pressure.  Thus i t  is t h i s  p o s i t i v e  
a x i a l  p ressure  g rad ien t  which causes t h e  s tagnant  pool  i n  t h e  annulus between 
t h e  f l u i d  stream and o r i f i c e  w a l l  t o  r e c i r c u l a t e .  
Coincident wi th  
The boundary l a y e r  s o l u t i o n  i s  shown g raph ica l ly  i n  Figure B5 a t  pro- 
g re s s ive  a x i a l  s t a t i o n s  f o r  t he  s imples t  case i n  which t h e  f l u i d  i n  t h e  
r e c i r c u l a t i o n  zone has  i d e n t i c a l  phys ica l  p rope r t i e s  t o  t h e  f l u i d  i n  the  main 
stream. 
where t h e  e n t i r e  f l u i d  stream c o n s i s t s  of t h e  f r e e  stream which can be 
descr ibed by p o t e n t i a l  f low theory i n  t h e  aforementioned manner. Surrounding 
t h e  f l u i d  stream is the  annular  r e c i r c u l a t i o n  zone. P r o f i l e s  (b ) ,  ( c ) ,  and (d) 
show t h e  e f f e c t  of flow dece le ra t ion  along t h e  outermost s t reaml ines  due t o  
v iscous  e f f e c t s .  This  dece le ra t ion  r e s u l t s  i n  an expansion of t h e  stream 
boundary th ickness  and an inc rease  i n  l w a l  con t r ac t ion  c o e f f i c i e n t  which 
a l s o  r e s u l t s  i n  increas ing  s ta t ic  p res su re  recovery. 
p r o f i l e s  ( e ) ,  ( f ) ,  and (g) ,  show t h e  f i r s t  po in t  of f low reattachment t o  t h e  
The f i r s t  v e l o c i t y  p r o f i l e  ( a )  corresponds t o  t h e  vena con t r ac t a  
The next t h r e e  v e l o c i t y  
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w a l l ,  t h e  p o i n t  of zero a x i a l  p re s su re  g rad ien t  and t h e  f u l l y  developed 
v e l o c i t y  p r o f i l e s  r e spec t ive ly .  
shows t h e  assumed uniform v e l o c i t y  p r o f i l e  which can never e x i s t  i n  real 
f l u i d s  wi th  sharp-edged o r i f i c e s .  
By c o n t r a s t  t h e  last  v e l o c i t y  p r o f i l e  (h) 
It has  a l r eady  been shown t h a t  f o r  r ea t t ached  flow condi t ions a t  t h e  
o r i f i c e  exi t ,  t h e  minimum s ta t ic  p res su re  occurs a t  t h e  vena con t r ac t a .  Thus 
i f  t h e  vapor p re s su re  of t h e  f l u i d  exceeds t h e  s ta t ic  p res su re  a t  t h e  vena 
con t r ac t a ,  f l u i d  c a v i t a t i o n  w i l l  occur. It w a s  der ived i n  Reference3 t h a t  
t h i s  occurs when t h e  measured o r i f i c e  p re s su re  drop exceeds [ (1-:) /:I (Pc-Pv) . 
That is, when 
- 
1 (Pc - Pv> No Cav i t a t ion  and flow remains at tached.  1 - r l  APm < [: 
11 
- 
1 -  
APm = [--=-- (Pc - Pv> I n c i p i e n t  Cav i t a t ion  and Hydraulic F l i p  
n occurs.  
- 
The flow remains detached and t h e  recir- 
c u l a t i o n  zone i s  occupied by t h e  vapor 
phase. 
1 - r l  
rl 
AP m > [- - 1 (Pc - Pv> 
When f l u i d  c a v i t a t i o n  occurs a t  t h e  vena c o n t r a c t a ,  t h e  v i s c o s i t y  of 
t h e  vapor phase i n  t h e  r e c i r c u l a t i o n  zone becomes much less than f o r  t h e  com- 
pa rab le  l i q u i d  phase and t h e  viscous d e c e l e r a t i o n  e f f e c t  upon t h e  o u t e r  stream- 
l i n e s  is  g r e a t l y  diminished. 
Reference 2 and t h e  g raph ica l  s o l u t i o n  i s  shown i n  Figure B 6 .  Therefore,  
with moderate L/D o r i f i c e s  of i n t e r e s t  f o r  rocke t  i n j e c t o r s  t h e  vapor phase 
viscous drag is inadequate t o  d e c e l e r a t e  t h e  f l u i d  stream s u f f i c i e n t l y  t o  
cause flow reattachment.  It is  t h i s  phenomenon which has  been described as 
hydrau l i c  f l i p .  
This s o l u t i o n  w a s  der ived a n a l y t i c a l l y  i n  
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When t h e  above cr i ter ia  f o r  hydrau l i c  f l i p  w a s  app l i ed  t o  t h e  experi-  
mental d a t a ,  e x c e l l e n t  agreement w a s  gene ra l ly  obtained f o r  those tests where 
V = 0 because t h e  flow condi t ion approaches t h e  assumed a x i a l  symmetry f o r  
which t h e  model w a s  developed. The c o r r e l a t i o n  w a s  a l s o  v a l i d  b u t  s l i g h t l y  
less accura t e  f o r  t h e  cases of h igh  c r o s s  v e l o c i t y  where asymmetry e f f e c t s  
become s i g n i f i c a n t  as w i l l  be explained later.  
C 
Thus, t h i s  prel iminary a n a l y t i c a l  model shows t h a t  t h e  c r i t i ca l  
measured AP a t  which hydrau l i c  f l i p  w i l l  occur is  only a func t ion  of m 
pC 
pV 
1. O r i f i c e  back p res su re ,  
2.  Flu id  vapor pressure,  
and temperature. 
3 .  Stream recovery f a c t o r  
which is a f f e c t e d  only by f l u i d  type 
The secondary e f f e c t s  of o r i f i c e  geometry ( e ,  $, L / D ,  R ) o r  of flow 
asymmetry (V ) upon l o c a l  flow reattachment and hydrau l i c  f l i p  were no t  y e t  
included i n  t h e  ana lys i s .  It i s  conf iden t ly  expected t h a t  i n c l u s i o n  f o r  t hese  
e f f e c t s  w i l l  f u r t h e r  improve q u a n t i t a t i v e  accuracy of t h e  a n a l y t i c a l  r e s u l t s .  
0 
C 
The effect of v a r i a b l e  back p r e s s u r e  upon supression of hydrau l i c  f l i p  
w a s  experimentally v e r i f i e d .  Likewise, t e s t i n g  with water, N 0 and 
AeroZINE 50 a t  both ambient and heated (180'F) f l u i d  temperature v e r i f i e d  
t h a t  vapor p re s su re  w a s  t h e  only s i g n i f i c a n t  parameter i r r e s p e c t i v e  of t h e  
f l u i d  medium. Thus only t h e  determinat ion of recovery f a c t o r  r e q u i r e s  f u r t h e r  
discussion.  
2 4  
Besides t h e  phys ica l  appearance of t h e  v e l o c i t y  p r o f i l e ,  Figures  E 5  
and B6 a l s o  have t h e  corresponding recovery f a c t o r  and C 
Reference 2 
l i n e  could b e  c a l c u l a t e d  a n a l y t i c a l l y  by 
tabulated.  d 
showed t h a t  t h e  l o c a l  recovery f a c t o r  a long each r a d i a l  stream- 
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( r )  9 f ~ s  = Veloci ty  Defect ,  v4 - v AV ( f )  where: 
The area averaged recovery f a c t o r  a t  t h e  a x i a l  s t a t i o n  w a s  then def ined by 
R 
0 - 
11 ( 4  = - 2 1 ~ r  q ( r )  d r  2 
IT Ro o 
Furthermore, i t  w a s  shown i n  Reference 3 t h a t  a paramet r ic  a n a l y s i s  of t h e  
mathematical model i nd ica t ed  t h e  recovery f a c t o r  t o  be r e l a t e d  t o  t h e  o r i f i c e  
L/D and Reynolds No. 
Reference 3 a l s o  showed t h a t  t he  recovery f a c t o r  could be  der ived 
from t h e  experimental  data:  
I f  t h e  vapor phase recovery 
mated by t h e  pos t  hydrau l i c  
f a c t o r  is  n e g l i g i b l e ,  C can be c l o s e l y  approxi- 
f l i p  Cd. 
co 
Then t h e  recovery f a c t o r  can be de t e r -  
mined by comparing C ' s  j u s t  p r i o r  t o  and j u s t  a f t e r  t h e  hydraul ic  f l i p .  
suggested by t h e  a n a l y t i c a l  da t a ,  t h e  t rend  d id  show t h a t  t h e  recovery f a c t o r  
decreased f o r  i nc reas ing  Reynolds number. Confirmation of t he  e f f e c t  of L/D 
upon recovery f a c t o r  w a s  no t  as p o s i t i v e .  A survey of t h e  l i t e r a t u r e  shows 
t h a t  o the r  i n v e s t i g a t o r s  found maxima i n  C 
A s  d 
a t  an approximate L/D of 3.  d 
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This may account f o r  t h e  reason t h a t  l i t t l e  d i sce rnab le  e f f e c t  i s  evident  
between L/D of 2 and 4 a t  which much of  t h e  Aerojet  d a t a  w a s  obtained. 
t h i s  i s  t r u e ,  i t  i n d i c a t e s  t h a t  t h e  rate of p re s su re  recovery is  j u s t  o f f s e t  
by t h e  rate of f r i c t i o n  l o s s  a t  L/D of 3 .  
I f  
In spec t ion  of t h e  empi r i ca l  d a t a  reported i n  Reference 3 a l s o  ind i -  
cates inc reas ing  recovery f a c t o r  f o r  i nc reas ing  o r i f i c e  AP. Although t h e  
p re sen t  model does n o t  y e t  exp la in  t h i s  e f f e c t ,  i t  may b e  because t h e  higher  
i n j e c t i o n  v e l o c i t y  results i n  e i t h e r  l a r g e r  C o r  more r a p i d  reattachment 
rate due t o  viscous e f f e c t s .  
co 
For t h e  s h o r t  tube hydrau l i c  model of sharp edge o r i f i c e s ,  t h e  experi-  
mental recovery f a c t o r  t y p i c a l l y  ranges between 25 - 50% of t h e  dynamic pres- 
s u r e  a t  t h e  vena con t r ac t a .  This e f f e c t  is f a r  more s i g n i f i c a n t  than t h e  
p re s su re  drop caused by f r i c t i o n .  No at tempt  w a s  made t o  sepa ra t e ly  account 
f o r  f r i c t i o n  i n  s h o r t  (L/D < 4 )  o r i f i c e s  because i t  is minor compared t o  the  
recovery e f f e c t .  
becomes n e g l i g i b l e ,  t h e  f r i c t i o n a l  AP beyond L/D = 4 must be sub t r ac t ed  from 
t h e  s ta t ic  AP t o  provide an e f f e c t i v e  o r i f i c e  p re s su re  drop from which flow 
rate can be  determined. 
However, f o r  long L/D o r i f i c e s  i n  which f u r t h e r  recovery 
I f  plenum condi t ions always e x i s t e d  upstream of t h e  o r i f i c e ,  t h e  mathe- 
matical models could q u a n t i t a t i v e l y  d e s c r i b e  t h e  vena c o n t r a c t a ,  r e c i r c u l a t i o n  
zone, recovery f a c t o r  and p o s s i b l e  c a v i t a t i o n  e f f e c t s  upon o r i f i c e  discharge 
c o e f f i c i e n t s .  Thus C could be evaluated e x p l i c i t l y  only as a func t ion  of 
Reynolds Number, o r i f i c e  L/D, and c a v i t a t i o n  cr i ter ia .  That i s ,  Figure B5 
would d e s c r i b e  a l l  a t t ached  flow C d ' s  and Figure B6 would d e s c r i b e  a l l  
detached flow Cd, whether due t o  c a v i t a t i o n  o r  i n s u f f i c i e n t  o r i f i c e  length.  
However, since t h e  channel c r o s s  v e l o c i t y  i n  p r a c t i c a l  i n j e c t o r  designs is  
ha rd ly  ever zero,  i t s  e f f e c t  upon flow asymmetry must be  discussed i n  d e t a i l .  
d 
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The channel c ros s  v e l o c i t y ,  o r i f i c e  angle ,  and o r i e n t a t i o n  a f f e c t  t h e  
f l u i d  i n l e t  momentum i n  much t h e  s a m e  manner as f o r  t h e  contoured o r i f i c e s ,  
discussed previously.  However, i n  contoured o r i f i c e s  t h e s e  parameters can 
only a f f e c t  t h e  e f f e c t i v e  s t a g n a t i o n  AP a c r o s s  t h e  o r i f i c e  bu t  n o t  t h e  con- 
t r a c t i o n  c o e f f i c i e n t ,  s i n c e  t h e  contoured o r i f i c e  always flows f u l l  and 
secondary flow c h a r a c t e r i s t i c s  are i n h i b i t e d .  For sharp-edged o r i f i c e s ,  on 
t h e  o the r  hand, t h e  c ros s  momentum has a more s i g n i f i c a n t  e f f e c t  upon t h e  
entrance condi t ion (C ) than upon t h e  s t a g n a t i o n  AP. The e f f e c t  of c r o s s  
flow upon flow asymmetry is  der ived i n  Sec t ion  V below. 
co 
Quan t i t a t ive ly ,  t h e  asymmetrical flow dev ia t ion  ang le  (6) i nc reases  
wi th  e i t h e r  i nc reas ing  c r o s s  v e l o c i t y  o r  decreasing s t a t i c  AP: 
1 /2  p vc2 cos2 e cos f#l -1 Bi = t a n  
AP + 1 / 2  p vc2 s i n 2  e cos 4 
Figure B 7  shows t h e  i n i t i a l  dev ia t ion  angles  f o r  several r e p r e s e n t a t i v e  c r o s s  
v e l o c i t i e s  as a func t ion  of AP. It i s  easy t o  v i s u a l i z e  t h a t  i f  Bi i nc reases  
f o r  a given L/D, a t  some p o i n t  t h e  c r o s s  momentum w i l l  cause t h e  f l u i d  stream 
t o  impinge upon t h e  oppos i t e  o r i f i c e  w a l l  (See Sect ion V I  and Figure B8). 
Thus i f  t h e  o r i f i c e  e x i t  occurs a t  a n  a x i a l  p o s i t i o n  corresponding t o  l i e  
between Sect ions B-B t o  D-D of Figure B 8 ,  t h e  presence of t h e  o r i f i c e  w a l l  
acts t o  reduce t h e  e f f e c t i v e  o r i f i c e  c r o s s  s e c t i o n a l  area. The e x i t  f l u i d  
stream has been phys ica l ly  observed as p red ic t ed  a n a l y t i c a l l y  and appears 
e i t h e r  e l l i p t i c a l  o r  f l a t  even though i t  is  emi t t i ng  from a c i r c u l a r  o r i f i c e .  
I f  8 .  only a f f e c t e d  t h e  e f f e c t i v e  o r i f i c e  area, C would always decrease with 
c r o s s  v e l o c i t y .  However, asymmetrical w a l l  impingement a l s o  d e c e l e r a t e s  t h e  
f l u i d  v e l o c i t y  and r e s u l t s  i n  s ta t ic  p res su re  recovery which has t h e  tendency 
t o  i n c r e a s e  C Therefore,  depending upon t h e  relative magnitude of t h e  two 
opposing tendencies,  asymmetrical C ' s  have been empirical1y.measured as low 
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Figure B9 g raph ica l ly  i l l u s t r a t e s  t h e  predominant c h a r a c t e r i s t i c s  of 
o r i f i c e  discharge c o e f f i c i e n t s .  
The following o p e r a t i o n a l  modes have been w e l l  def ined by t h e  hydrau l i c  
models der ived i n  t h i s  r epor t :  
1. 
2. 
Contoured O r i f i c e s  
Sharp-Edged Orif  ices 
a. Symmetrical detachment 
b. Symmetrical detachment with vapor phase 
recovery 
Symmetrical attachment with l i q u i d  phase 
recovery 
d. E f f e c t i v e  area reduc t ion  f o r  s h o r t  o r i f i c e s  
due t o  flow dev ia t ion  ang le  caused by c ross  
v e l o c i t y .  
c. 
Thus, t he  only regime l e f t  t o  be  q u a n t i t a t i v e l y  descr ibed by a mathematical 
model i s  t h e  asymmetrical sharp-edged o r i f i c e  flow. 
I t  can be seen conceptual ly  from Figures B 8  and B9 that c r o s s  v e l o c i t y  
has a r a d i c a l  e f f e c t  upon C and e x i t  flow dev ia t ion  ang le  i n  short-to- 
moderate l eng th  o r i f i c e s .  
stream d e f l e c t i o n  o f f  t h e  o r i f i c e  w a l l  diminishes t h e  flow dev ia t ion  angle  
by damping ou t  t h e  secondary f l o w  p r o f i l e  u n t i l  t he  flow once aga in  approxi- 
mates one-dimensionality. O r ,  us ing t h e  n o t a t i o n  of Figure B8:  
d 
However, f o r  very long L/D o r i f i c e s  each success ive  
d Thus, t h e  proposed hydrau l i c  model w i l l  no t  only q u a n t i t a t i v e l y  p r e d i c t  C 
bu t  w i l l  a l s o  c a l c u l a t e  e x i t  flow dev ia t ion  ang le  as a func t ion  of c r o s s  
v e l o c i t y ,  o r i f i c e  geometry and o r i f i c e  AP. 
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111. DISPLACEMENT BOUNDARY LAYER THICKNESS CALCULATIONS FOR 
CONTOURED ORIFICES 
I n  a contoured o r i f i c e  t h e  relative displacement boundary l a y e r  thick- * 
ness  t o  o r i f i c e  r ad ius  r a t i o  (6 /R ) i s  s m a l l  and can t h e r e f o r e  be  c l o s e l y  
approximated by f l a t  p l a t e  theory. Furthermore, f o r  s h o r t  L/D o r i f i c e  
l eng ths  and low AP t h e  boundary l a y e r  i s  laminar: 
0 
P V4L 
Re =-  
< 3.2 x lo5  (laminar) 
L 1 - I  
> 3.2 x 10 5 ( t u r b u l e n t )  (111-1) 
For t h e  laminar boundary l a y e r  t h e  v e l o c i t y  boundary l a y e r  thickness  a t  t h e  
o r i f i c e  e x i t  is  
6 5.64 
L R  
- -  - 112 
L e 
S imi l a r ly  t h e  displacement boundary l a y e r  thickness  is  
6* 1.72 - 1 . 7 2  
L R  




From p o t e n t i a l  flow theory t h e  o r i f i c e  v e l o c i t y  can be solved from Bernou l l i ’ s  
Equation : 
v =  J’ 
4 P 
(111-4) 
Also, t h e  l eng th  dependent Reynolds No. can b e  expressed as an o r i f i c e  stream 
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Then t h e  displacement boundary l a y e r  thickness  can be  solved from (111-3) t o  
(111-5) by 
* 1.72 (2Rn) (L/D) 
(111-6) 
o r  t h e  relative thickness  r a t i o  
2,046 (L/D) 1/2 (111-7) - -  6* - 
R o (p A P ~ ) ~ / ~  (Ro/~)1/2 
This s o l u t i o n  implies  t h a t  t h e  p o t e n t i a l  flow s o l u t i o n  f lowra te  w i l l  be  
reduced by an e f f e c t i v e  o r i f i c e  area reduc t ion  o r  "mass defect"  def ined by 
* 2  
(111-8) IT (Ro - 6 1 = ( l - T )  6* = c c  2 c =  d 
7T Ro 
I n  t h e  case of t u r b u l e n t  boundary l a y e r  growth (high R ) t h e  comparable 
equations become 
e 
6 0.37 - =  
L R  1 / 5  
L e 
6 * =z * (Assumes 1 / 7 t h  Power Law Veloci ty  P r o f i l e )  
and 
x * ,075 (L/D)Oo8 " - - -  
R~ (p APo)o'l ( R O / ~ ) O g 2  
(111-9) 
Equations (111-7) and (111-9) are coun te rpa r t  s o l u t i o n s  f o r  laminar and 
tu rbu len t  boundary l a y e r s  r e s p e c t i v e l y .  
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IV . 
The simplest case is for a showerhead orifice drilled normal to a flat 
plate in a semi-infinite plenum having zero cross velocity. 
be approximated as a point sink at points far removed from the orifice 
entrance. Then, the equipotential field can be approximated by hemispherical 
surfaces at points r > R . 
from the plenum to vena contracta to determine the velocity at the vena 
contracta: 
The orifice can 
Furthermore Bernoulli's equation can be written 
0 
2 2 
Pw + 1/2 p vw = P 4  + 112 p v4 
where : Vm = 0 by definition 
and 
(IV-1) 
v4 -J?  (IV-2) 
The continuity equation can be written between the assumed hemispherical 
equipotential surface to the vena contracta and solved for the radial velocity: 
for r > R co Ro 
C 
0 V(r) = 2 V4 
(IV-3) 
(IV-4) 
Similarly, Bernoulli's equation can be written and solved for the pressure 
distribution above the orifice: 
(IV-5) 
for P4 = 0 (Reference Pressure) 
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2 R  [ cco 1 - - (F) ( 1  - s i n  a) 4 
When 1: < R t h e  e q u i p o t e n t i a l  surfaces are approximated by s p h e r i c a l  
0 
segments of t o t a l  included ang le  (n. - 2a) and s p h e r i c a l  r ad ius  Rs, 
then 
2 Gt = p 2~ R~ [ R ~  ( 1  - s i n  a > ]  V ( r >  = p cc0 T R~ v4 
where 
R cos a = r 
S 
and 
From Bernou l l i ' s  equation 





However, t o  c a l c u l a t e  t h e  a x i a l  a c c e l e r a t i o n ,  and rate of stream curvature  
r ad ius ,  t h e  p re s su re  d i s t r i b u t i o n  i n  t h e  detached flow cav..ty must be known. 
The s implest  s o l u t i o n  i s  f o r  t h e  f r e e  j e t  when t h e  flow downstream of t h e  
vena c o n t r a c t a  remains detached from t h e  o r i f i c e .  I n  t h i s  case, one can 
r e a l i s t i c a l l y  assume t h a t  t h e  p re s su re  everywhere i n  t h e  c a v i t y  i s  uniform 
and a t  t h e  same s ta t ic  p res su re  as t h e  vena con t r ac t a .  Then i f  one assumes 
an approximate p o l a r  p re s su re  d i s t r i b u t i o n  of t h e  form 
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then Newton's Second Law can be used to calculate the rate of tangential 
acceleration and the rate of curvature of the outermost streamline: 
F = ma 
(q) ap dcp R sin $I de dR = p R sin cp df3 Rs dcp dRs (Rs$I) 
S S S 
4 C 2 R  4 _. co 0 cos a 
E1 -4(1) 2 1  (1 - sin a) 2 APo 
2 1 
'* d cp = -  (4) = - (- 
P Rs (71 - 2a) dt 
Also, for small rates of curvature (small a) 
2 '  2 cos a C R  1 dr co o - - = -  
cos a dt 2 (TI (1 - sin a )  '4
hence, 
2 
2 r (1 - sin a )  dr 
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Integrating once, 
4 4 cos a 
2 1 dr 0 
2 R  co 2 V4 (1 - sin a) C { [ I - 4  (7) 




3 1  
0 
R 2 4  c cos a 
r 
co 
- =  2 [<-;-I - L= 
t v4 i o 12 (1 - sin a )  
2 (R) (1 - sin a )  ~~i v (r) 0 
2 v4 c (lT - 2a)  cos a co 
(IV-14) 
(IV-15) 
The method of successive approximation by finite differences was used to 
solve the above simultaneous equations to obtain the desired solution. 
V. EFFECT OF CHANNEL CROSS VELOCITY UPON FLOW DEVIATION ANGLE 
A. INITIAL DEVIATION ANGLE (ei) 
A quantitative approximation to the initial flow deviation angle 
(8,) between the fluid flow direction and the orifice axis was analyzed by the 
following method. Consider the schematic diagram below which indicates a 
finite channel cross velocity across the orifice inlets: 
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-V s i n  6 
C 
4 = 0' 6 = 0' o r  4 = 90' (I = 180' 
The c ross  v e l o c i t y  can be  decomposed i n t o  a component 
(Vc s i n  9 cos (p) p a r a l l e l  t o  t h e  o r i f i c e  a x i s  and a component (Vc cos 6 cos Cp) 
perpendicular t o  t h e  o r i f i c e  a x i s .  The r e s u l t a n t  momentums due t o  t h e  c ros s  
2 v e l o c i t y  components are (1/2 p V s i n 2  6 cos 4)  and (1/2 p Vc2 cos2 0 cos (p) 
C 
r e spec t ive ly .  However, t h e  s t a t i c  p res su re  d i f f e r e n t i a l  ac ross  t h e  o r i f i c e  
(APs) i s  superimposed upon t h e  momentum component p a r a l l e l  t o  t h e  o r i f i c e  
ax i s .  
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Therefore,  t h e  r e s u l t a n t  f l u i d  flow d i r e c t i o n  i s  i n i t i a l l y  
dev ia t ed  by t h e  c r o s s  v e l o c i t y  from t h e  o r i f i c e  o r i e n t a t i o n  by 
112 p vc2 cos2 e cos 4 -1 Pi = t a n  
A P ~  + 112 p vC2 s i n 2  e cos 4 
B. OUTLET DEVIATION ANGLE (Po) 
The second p a r t  of t h i s  problem c o n s i s t s  of p r e d i c t i n g  t h e  o u t l e t  
and o r i f i c e  l eng th  (L /D) .  dev ia t ion  ang le  based upon t h e  i n i t i a l  d e v i a t i o n  f3 i 
The r e s u l t a n t  o u t l e t  dev ia t ion  ang le  ( f 3  ) i s  def ined by t h e  mass averaged 
momentum ang le  of  t h e  e f f l u e n t  f l u i d  a t  t h e  o r i f i c e  e x i t  plane.  This  problem 
w i l l  be  def ined f u r t h e r  i n  Sec t ion  V I ,  following. 
0 
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V I .  DESCRIPTION OF ASYMMETRICAL ORIFICE FLOW UPON FLUID 
DISCHARGE CHARACTERISTICS 
A s  der ived i n  Sect ion V,A above, i t  i s  a r e l a t i v e l y  simple matter t o  
c a l c u l a t e  t h e  i n i t i a l  flow dev ia t ion  angle ,  Bi. 
shown i n  Sect ion I V  i n d i c a t e  t h a t  t h e  vena c o n t r a c t a  occurs  a t  an L/D between 
1 / 4  t o  1 / 2  from t h e  o r i f i c e  entrance.  It can be  assumed t h a t  t h e  stream a x i s  
i s  reasonably cqncen t r i c  t o  t h e  o r i f i c e  a x i s  a t  t h e  vena con t r ac t a .  A sche- 
matic diagram of  t h e  success ive  asymmetrical flow p r o f i l e s  is  shown i n  
Figure B8. 
The r e s u l t s  of t h e  a n a l y s i s  
Sect ion A-A r ep resen t s  t h e  c r o s s  s e c t i o n  a t  t h e  vena con t r ac t a .  Since 
t h i s  occurs very c l o s e  t o  t h e  o r i f i c e  entrance,  t h e  stream a x i s  i s  shown con- 
centric t o  t h e  o r i f i c e  a x i s .  
t h i s  approximation becomes less accurate .  
For extremely l a r g e  B ( s m a l l  APs and high Vc) i 
Sect ion B-B i s  t h e  a x i a l  l o c a t i o n  a t  which t h e  f l u i d  stream starts 
impinging upon t h e  o r i f i c e  w a l l .  
j e t  spreading rate due t o  f l u i d  r e c i r c u l a t i o n  and v i scous  drag along t h e  
boundary l a y e r  has  been neglected.  ' 
For s i m p l i c i t y  t h e  stream d e c e l e r a t i o n  and 
Sec t ion  C-C r e p r e s e n t s  t h e  l o c a t i o n  where approximately one-half of 
t h e  f l u i d  flow has impinged upon one w a l l  of t h e  o r i f i c e .  This i s  shown as 
a n e t  displacement of t h e  i n i t i a l  stream a x i s  from t h e  o r i f i c e  a x i s .  
hypo the t i ca l  segment of t h e  i n i t i a l  stream which l ies  o u t s i d e  t h e  real o r i f i c e  
boundary r e p r e s e n t s  a " m a s s  defect"  o r  a n  e f f e c t i v e  reduct ion of o r i f i c e  
cross-sect ion.  I n  r e a l i t y ,  t h i s  m a s s  d e f e c t  must remain constrained wi th in  
t h e  o r i f i c e  area and t h i s  m a s s  displacement r e s u l t s  i n  a r o t a t i o n a l  secondary 
flow v e l o c i t y  as shown. 
The 
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Section D-D shows the cross section where all of the fluid flow has 
impinged upon one-side and the initial component of cross velocity momentum 
perpendicular to the orifice axis is being dissipated by secondary flow. 
Section E-E shows the effect of complete flow stream reattachment to 
the orifice walls and the resultant secondary flow pattern. 
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(a) Contoured Or i f ice  
(b) Sharp-Edged Orif ice  - Detached Flow 
(c) Sharp-Edged Or i f ice  - Attached Flow 
Schematic Diagram of Flow Through Contoured and Sharp-Edged O r i f i c e s  
F igure  B-1 
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Figure B-2 
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Figure  B-4 
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Calcula ted  Veloci ty  P r o f i l e  and Recovery Rates f o r  Non-Cavitating 
Sharp-Edged O r i f i c e s  
F igure  B-5 
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Figure  B-9 
